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Summary 
 
DNA-dependent RNA polymerases synthesize RNA transcripts according to 
the information carried on the DNA template. During gene transcription, the 
RNA polymerase (Pol) active center can also catalyze RNA cleavage. This 
intrinsic cleavage activity is strong for Pol I and Pol III, but very weak for 
Pol II. Accessory factor SII/TFIIS is required for rapid and effective cleavage 
in Pol II. The reason for this difference is unclear since the active centers of 
the polymerases are virtually identical. Work in this thesis shows that Pol II 
gains strong cleavage activity when the C-terminal zinc ribbon domain 
(C-ribbon) of subunit Rpb9 is replaced by its counterpart from the Pol III 
subunit C11. X-ray analysis shows that the C-ribbon has detached from its 
site on the Pol II surface and is mobile. Mutagenesis indicates that the 
C-ribbon transiently inserts into the Pol II pore to complement the active 
center. This mechanism is also used by SII/TFIIS, the factor that can bind 
Pol II and induce strong RNA cleavage. Together with published data, these 
results indicate that Pol I and Pol III contain catalytic C-ribbons that 
complement the active center, whereas Pol II contains a non-catalytic 
C-ribbon that is immobilized on the enzyme surface. Evolution of the Pol II 
system may have rendered mRNA transcript cleavage controllable by the 
dissociable factor TFIIS, to enable promoter-proximal gene regulation and 
elaborate 3’-processing and transcription termination. 
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Chapter I: GENERAL INTRODUCTION 
 
1. Transcription mechanism and machinery 
1.1 Transcription mechanism 
Transcription is a fundamental cellular process in which genetic information is 
transferred from DNA to RNA. Based on the information carried on RNA, 
polypeptide chains of protein are further synthesized by another key process 
called translation. This flow is known as the central dogma of molecular 
biology (Crick, 1970). Transcription of a eukaryotic protein-coding gene can be 
divided into five stages: pre-initiation, initiation, promoter clearance, elongation 
and termination (figure 1). 
 
 
 
Figure 1. The transcription cycle. Adapted from (Svejstrup, 2004). 
 
 
In the early stages of the transcription cycle, specific DNA elements in the core 
promoter are recognized by initiation factors. The common core promoter 
elements includes the TATA-box, TFIIB recognition upstream and downstream 
elements (BREu and BREd), the downstream promoter element (DPE) and the 
initiator element (Inr) (Baumann, et al., 2010; Smale and Kadonaga, 2003). 
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Other cis-acting elements, including enhancers, silencers and insulators, are 
involved in regulating gene expression. Assembly of the pre-initiation 
complex(PIC) is the first step of transcription initiation. The PIC is composed of 
RNA polymerase II (Pol II) and general transcription factors (GTFs): TFIIA, 
TFIIB, TFIID, TFIIE, TFIIF, TFIIH. Two assembly pathways are possible: a 
sequential assembly pathway, and the RNAPII holoenzyme pathway. TFIIH 
contribute to the promoter melting, which can be stimulated by TFIIE (Thomas 
and Chiang, 2006). After the open complex forms, RNA polymerase can 
initiate phosphodiester bond synthesis. Then, phosphorylation of CTD disrupts 
the binding to the initiation specific factors and interacts with elongation 
specific factors, leading to promoter clearance (Svejstrup, 2004). Pol II thus 
escapes from the promoter and enters the elongation phase. The pre-mRNA is 
synthesized accompanied by co-transcriptional processing factors involved in 
capping and splicing (Bentley, 2002). These processing factors are recruited 
through the CTD which is kept phosphorylated during elongation. Besides 
processing, many other elongation specific factors contribute to passage 
through chromatin, phosphorylation of CTD, regulation of the elongating rate 
and efficiency, proofreading and packaging of RNA (Shilatifard, 1998; 
Shilatifard, et al., 2003; Svejstrup, 2004). Incorporation of NTP to the nascent 
RNA chain follows a two-metal ion mechanism in a well organized nucleotide 
addition cycle (NAC) (Brueckner and Cramer, 2008; Steitz, 1998). The 
transcription termination stage includes the release of transcript and 
polymerase from the DNA template. Compared to bacterial RNA polymerase 
(RNAP) (Henkin, 2000) and RNA polymerases I (Pol I) and III (Pol III) (Paule 
and White, 2000), termination of Pol II is less well known. The mRNA 3’ end 
processing is indicated to regulate termination(Proudfoot, et al., 2002). After 
displacement from the DNA template, the CTD is dephosphorylated and can 
rebind the initiation factors. Pol II then recycle for a new round of transcription.  
 
 
Chapter I: General Introduction 3
1.2 DNA-dependent RNA polymerases 
Two main classes of RNA polymerases can be summarized: single-subunit  
and multiple-subunit RNA polymerases (Cramer, 2002). The structures of 
single-subunit RNA polymerases show similarities with DNA polymerases, with 
a hand-like architecture. T7 RNAP is a best studied single-subunit RNAP. 
Multiple-subunit RNAPs include those from plant chloroplasts, bacteria, 
archaea and eukarya. Bacteria have only one RNA polymerase transcribing all 
different genes and high resolution X-ray structures from Thermus aquaticus 
and Thermus thermophilus were determined in the past few years (Murakami, 
et al., 2002; Vassylyev, et al., 2002; Zhang, et al., 1999). The overall structure 
consists of a core enzyme, including five subunits: α2, β, β’, ω, with a total 
molecular weight of 400kDa, and an additional subunit, σ, which is part of the 
holoenzyme, and only required for initiation. The polymerase is shaped like a 
crab claw with an internal channel. The active site is located on the back wall 
of the channel, having an essential Mg2+. Archaea also contain only one RNA 
polymerase. Two X-ray structures are also available, both from the Sulfolobus 
genus (Sulfolobus solfataricus and Sulfolobus shibatae)(Hirata, et al., 2008; 
Korkhin, et al., 2009). In eukarya, different kinds of RNA polymerases are 
responsible for different kinds of genes. RNA pol I transcribes only ribosomal 
DNA, and is located in nucleolus. A single precursor transcript is then 
processed to mature 5.8S, 18S and 28S rRNA. RNA pol II transcripts include 
all the protein-coding genes, small nuclear RNAs (snRNAs), small nucleolar 
RNAs (snoRNAs), and micro RNAs (miRNAs). RNA pol III transcribes a 
diverse group of genes to synthesize very short RNAs including transfer RNAs 
(tRNAs), 5S ribosomal RNA (5S rRNA) and U6 small nuclear RNA (U6 snRNA). 
Both RNA pol II and III are located in the nucleus. RNA pol I, II and III comprise 
14, 12 and 17 subunits and a molecular weight of 589, 514, 693kDa 
respectively (Table 1). Five core subunits are conserved in all three kingdoms 
of life, forming the core enzyme. The two largest subunits are homologous to 
the subunits β and β’ of bacterial RNAP. Other subunits are on the periphery of 
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the core enzyme. RNA pol II is a key focus of many research papers after the 
emergence of high resolution X-ray structures from Saccharomyces cerevisiae 
(Cramer, et al., 2001; Kettenberger, et al., 2004). X-ray structures for RNA pol I 
and III are still lacking, only EM structures could be obtained 
(Fernandez-Tornero, et al., 2010; Fernandez-Tornero, et al., 2007; Kuhn, et al., 
2007). Plants also have another two RNA polymerases: Pol IV and V(Ream, et 
al., 2009). 
 
Table 1. Subunit composition of multisubunit RNA polymerases. 
RNA polymerase Pol I Pol II Pol III Archaeab Bacteria 
core A190 Rpb1 C160 A' + A'' β' 
core A135 Rpb2 C128 B β 
core AC40 Rpb3 AC40 D α 
core AC19 Rpb11 AC19 L α 
core/common Rpb6 (ABC23) Rpb6 Rpb6 K ω 
common Rpb5 (ABC27) Rpb5 Rpb5 H - 
common Rpb8 (ABC14.5) Rpb8 Rpb8 G - 
common Rpb10 (ABC10β) Rpb10 Rpb10 N - 
common Rpb12 (ABC10α) Rpb12 Rpb12 P - 
 A12.2 Rpb9 C11 - - 
Rpb4/7 A14 Rpb4 C17 F - 
complexes A43 Rpb7 C25 E' - 
A49 (Tfg1/Rap74) C37 - - TFIIF-like 
subcomplexa 
A34.5 (Tfg2/Rap30) C53 - - 
- - C82 - - 
- - C34 - - 
Pol III-specific  
subcomplex 
- - C31 - - 
aThe two subunits in Pol I and Pol III are predicted to form heterodimers that resemble part of the Pol II 
initiation/elongation factor TFIIF, which is composed of subunits Tfg1, Tfg2, and Tfg3 in Saccharomyces cerevisiae, 
and of subunits Rap74 and Rap30 in human. 
bArchaea RNAP has another subunit Rpo13, which does not have a homolog in eukaryotic polymerases, but 
architecturally corresponds to an insertion in bacterial β' subunit. 
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2. Three boundary theory and archaea 
 In 1977, a landmark discovery was that Woese and Fox proposed a 
previously unrecognized group of bacteria: archaebacteria, as a third form of 
life, based on comparisons of 16S/18S ribosomal RNA of organisms from 
bacteria, archaea and eukarya (Woese and Fox, 1977). The distinct nature of 
archaea resulted in the three boundary theory that organisms are divided to 
three kingdoms: bacteria, archaea and eukarya (Woese, et al., 1990). Archaea 
look similar to bacteria in phenotype: most metabolic pathways, cellular size 
and morphology, the absence of nucleus or cytoskeleton and a circular 
genome. But in the central information transfer processes such as transcription 
and translation, archaea appear to be more related to eukarya than bacteria 
(Bell and Jackson, 1998; Huet, et al., 1983; Olsen and Woese, 1997; Rivera, et 
al., 1998). Archaea have a RNA polymerase which contains subunits that are 
homologous to eukaryotic polymerases and absent in bacteria. Especially, 
archaea have extremely similar mechanism of transcription initiation, both in 
the promoter character and initiation factors. However, the regulation of 
archaeal transcription is more the bacterial-like. In the translation process, 
initiation factors are also homologous to eukaryotic factors. Recruitment of 
initiator tRNA-IF2-GTP complex happens before the mRNA binding, and 
archaea use methionine instead of formyl methionine in the initiating tRNA. But 
archaeal ribosome recognizes the start codon in a bacterial way: based on the 
complementary of “Shine-Dalgarno sequence” and 16S rRNA. Thus, archaea 
have a mosaic of eukaryotic and bacterial features in transcription and 
translation processes. Because of its simplicity and similarity of the 
transcription/translation apparatus, the archaeal system now receives more 
attention as a model to study the fundamental mechanisms of eukaryotic 
molecular central processes. 
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3. Archaeal and eukaryotic transcription machinery 
Purified archaeal transcription machinery is found to be far more complex than 
bacterial RNAP, but closely resembles that of eukarya (Zillig, et al., 1979). 
Archaeal RNAP contains at least 12 subunits with a total molecular weight of 
about 370 kDa, named alphabetically (Table 1). EM structures and X-ray 
structures of archaeal RNAP were obtained recently, revealing a crab claw 
molecule (Hirata, et al., 2008; Korkhin, et al., 2009; Kusser, et al., 2008)(figure 
2). Structural elements are rather similar in the archaeal and eukaryotic 
transcription machinery, while eukaryotic polymerase is more complicated for 
advanced functions. Subunits A’ and A” represent the bacteria β’ and 
eukaryotic Rpb1 and subunit B represents bacteria β and eukaryotic Rpb2, all 
contributing to form the catalytic center. Subunit A” doesn’t have the Pol II CTD 
domain. Subunits D/L, homolog of eukaryotic Rpb3/Rpb11 forms  a 
heterodimer, similar to the α2 homodimer counterpart in bacteria. Subunit D 
has a 4Fe-4S cluster-binding domain which is unique for some archaea 
species as well as eukaryotic Pol I and III, and is indicated to support the 
D-subunit folding. Subunit E’/F form a highly mobile heterodimer which is 
homolog of eukaryotic Rpb4/7 heterodimer and its structure was solved 
separately (Todone, et al., 2001). Archaeal E’/F dimer associates with the core 
enzyme tightly, and induces a closed conformational clamp in the solved 
structures (Armache, et al., 2003; Edwards, et al., 1991; Grohmann, et al., 
2009). In vitro studies using reconstituted archaeal RNAP indicated that 
subunit E’ was required for transcription at low temperatures and stimulates 
open complex formation (Naji, et al., 2007). Subunit H is homolog of Rpb5, but 
lacking the N-terminal jaw domain. Subunit K, homolog of Rpb6 also lacks the 
unconserved disordered N-terminal domain. RpoG which is the homolog of 
Rpb8 was also found in the newest structure. RpoG was thought to be absent 
in archaeal RNAP for a long time since it’s lost during purification of 
polymerase (Hirata, et al., 2008; Werner, 2007). Just recently, RpoG was 
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demonstrated to be unique in Korarchaea and Crenarchaea (Koonin, et al., 
2007; Kwapisz, et al., 2008). It has an OB fold and positions peripherally like 
Rpb8. Subunits N and P together with D/L heterodimer form an extended 
platform that is required for efficient assembly of RNAP. Strikingly, a novel 
subunit Rpo13 was reported, which does not have any counterpart in eukarya, 
but architecturally corresponds to an insertion in the bacterial β’ subunit. 
Rpo13 was suggested to facilitate the open bubble formation in the initiation 
stage. In general, archaeal RNA polymerase is like a truncated version of RNA 
pol II, with differences only in the periphery subunits. Simple additions of pol 
II-specific subunits like Rpb9 or domains such as CTD or the Rpb5 jaw, to the 
archaeal polymerase can lead to RNAP II that does not need any change in 
the core enzyme. 
 
 
 
 
Figure 2. RNAP structures from bacteria (left, T.aquaticus core enzyme), archaea (center, 
S.Solfataricus RNAP) and eukarya (right, S.cerevisiae Pol II). Each subunit is denoted 
by a unique color and labeled. Orthologous subunits are depicted with the same color. 
Adapted from (Hirata and Murakami, 2009).
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Chapter II: Evolution of two modes of intrinsic RNA 
polymerase transcript cleavage 
1. Introduction 
1.1  Chemical mechanism of transcriptional cleavage 
RNA polymerases possess a conserved active center with two Mg2+ ions 
(Cramer, et al., 2001; Vassylyev, et al., 2002). One ion is persistantly bound, 
while the second is not and can be recruited and stabilized ad hoc for different 
kinds of catalysis (Cramer, et al., 2001; Wang, et al., 2006; Westover, et al., 
2004). Three Asp residues coordinate with Mg I, and partly interact with Mg II 
(Sosunov, et al., 2005). Both the nucleotide incorporation and transcript 
cleavage were suggested to follow a unified two-metal-ion mechanism (figure 
3) (Kettenberger, et al., 2003; Sosunov, et al., 2003; Sosunova, et al., 2003; 
Steitz, 1998; Wang, et al., 2006; Zenkin, et al., 2006). Two Mg ions are 
involved to stabilize the pentacovalent transition state. The single, tunable 
active site of RNA polymerase operates various modes. When RNAP functions 
as a polymerase catalyzing RNA synthesis, Mg II is stabilized by the β and γ 
phosphates in nucleoside triphosphate (figure 3A). Transcript 3’ terminal 
hydroxyl group attacks α-phosphorus atom of the NTP, following substitution 
nucleophilic bimolecular (SN-2) mechanism and forms phosphodiester bond. 
Intrinsic RNAP cleavage could resemble the DNA cleavage by the Klenow 
DNA polymerase (Beese and Steitz, 1991). A water molecule attacks the 
phosphorous atom in the scissile phosphodiester bond. A backtracked 
nucleotide can also stabilize and orient Mg II and the active water molecule,  
a mechanism termed transcript-assisted cleavage (Zenkin, et al., 2006). A 
non-complementary NTP is also indicated to be to able to coordinate Mg II to 
stimulate RNA cleavage, named as substrate-assisted cleavage, and the 
stimulatory effect was indeed observed in some RNA polymerases(Hagler and 
Shuman, 1993; Sosunov, et al., 2003; Westover, et al., 2004; Zenkin, et al., 
2006). When an external transcription cleavage factor such as Gre or TFIIS 
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participates, it can also coordinate Mg II and orient the active water molecule 
and then stabilize the penta-covalent transition state(figure 3B). 
 
Figure 3. Schematic diagrams of polymerase active center during (A) polymerization 
reaction, (B) factor assisted transcription cleavage reaction. Adapted from (Poole and 
Logan, 2005; Sosunov, et al., 2005) 
 
1.2  Weak intrinsic cleavage activity of RNA polymerases 
Intrinsic cleavage activity in ternary elongation complexes was first observed in 
E.coli RNA polymerase independently of external factors (Orlova, et al., 1995; 
Surratt, et al., 1991). Soon after, it was found to be a common feature in other 
polymerases, including T7 polymerase, vaccinia virus polymerase and Pol II 
(Hagler and Shuman, 1993; Izban and Luse, 1992; Reines, 1992; Sastry and 
Ross, 1997; Wang and Hawley, 1993; Weilbaecher, et al., 2003). Intrinsic RNA 
cleavage activity, which is at a low level without stimulatory factors at 
physiological pH, requires divalent metal ions, and cleaved transcript is able to 
be elongated if NTPs are added. α–amanitin, a specific inhibitor of Pol II, 
impairs intrinsic cleavage and TFIIS stimulated cleavage to different extents, 
reducing the rate of intrinsic cleavage, but completely abolishing TFIIS 
stimulated cleavage (Izban and Luse, 1992; Rudd and Luse, 1996; 
Weilbaecher, et al., 2003). Additionally, Sarkosyl which can remove 
dissociable factors fails to abolish intrinsic cleavage (Wang and Hawley, 1993). 
Therefore, intrinsic cleavage resides in RNA polymerase, and is likely to follow 
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a different mechanism to factor-stimulated cleavage. The cleavage activity is 
suggested to be carried out by the polymerization site itself (Rudd, et al., 1994). 
Remarkably, alkaline pH substantially stimulates intrinsic cleavage, as proved 
in bacterial RNAP and Pol II (Awrey, et al., 1997; Orlova, et al., 1995; 
Weilbaecher, et al., 2003). Based on the chemistry mechanism presumed 
before, increased deprotonation of active water molecules by alkaline pH could 
be the reason for cleavage stimulation (Sosunov, et al., 2003). 
 
Figure 4. Role of the nascent transcript 3’-terminal nucleotide in cleavage. Adapted 
from (Zenkin, et al., 2006) 
 
Mechanism of intrinsic RNA cleavage was proposed recently by structural and 
biochemical data (Wang, et al., 2009; Yuzenkova and Zenkin, 2010; Zenkin, et 
al., 2006). They argue that RNA polymerase is able to backtrack by one 
nucleotide, an action especially favored after misincorporation, and the 
mismatched nucleotide is bound to a stable backtracked site. One 
non-esterified oxygen in the ultimate phosphodiester bond orients the active 
water by a hydrogen bond and a nitrogen in the base of backtracked 
nucleotide coordinates with Mg II. Cleavage occurs on the penultimate 
phosphodiester bond and produces a dinucleotide(figure 4). A flexible domain, 
the trigger loop, is proved to be required for intrinsic cleavage in RNA 
polymerase from Thermus aquaticus(Yuzenkova and Zenkin, 2010). 
 
1.3  Extrinsic factors induce transcriptional cleavage 
1.3.1  Cleavage factors in bacteria 
Intrinsic cleavage activity in RNA polymerase is dramatically stimulated by 
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exogenous stimulation factors. In bacteria, two factors Gre A and Gre B 
stimulate cleavage activity(Borukhov, et al., 1992; Borukhov, et al., 1993). The 
Gre family contain homologous proteins with a molecular weight of 19 kDa. 
Gre-homologs exist ubiquitously in over 60 organisms, including Mycoplasma 
genitalium which has the smallest known genome, indicating the importance of 
their biological function(Hutchison, et al., 1999). Deletion of either the greA or 
the greB gene had no effect on E.coli cell phenotype, but the double deletion 
strain is temperature sensitive (Orlova, et al., 1995). Crystal structure and CD 
spectra of E.coli GreA and GreB, and homology modeling of GreB show that 
both factors comprise a N-terminal anti-parallel α-helical coiled-coil domain 
linked to a globular C-terminal domain by a short loop (Koulich, et al., 1997; 
Stebbins, et al., 1995; Vassylyeva, et al., 2007) (figure 5A). Although highly 
related in structure, they stimulate cleavage in different ways: GreA induces 
cleavage of mostly di- and tri- nucleotides and can only prevent transcriptional 
arrest while GreB induces cleavage of fragments of various lengths from 2 to 
18 nucleotides and is able to rescue arrested polymerases (Borukhov, et al., 
1993; Feng, et al., 1994). Their distinct functions derive from the difference of 
an essential basic patch on the surface of the coiled-coil domain (figure 5B) 
(Koulich, et al., 1997; Kulish, et al., 2000). Additionally, GreB binds polymerase 
with an affinity of about two orders of magnitude higher than GreA. 
The C-terminal domain of Gre factor contains an α-helix and a four/five-strand 
β-sheet, forming an open hydrophobic cavity (Vassylyeva, et al., 2007). It 
doesn’t directly stimulate cleavage but participates in binding to the RNA 
polymerase and is required for full stimulatory activity (Koulich, et al., 1998; 
Koulich, et al., 1997; Polyakov, et al., 1998). The C-terminal domain binds 
RNA polymerase near the secondary channel, while its particular binding site 
was proposed by conflicting models with opposite orientations (Laptenko, et al., 
2003; Opalka, et al., 2003; Polyakov, et al., 1998; Sosunova, et al., 2003; 
Vassylyeva, et al., 2007). 
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Figure 5. A. Structure of E.coli GreA and GreB. Two acidic side chains are shown in blue 
and orange for GreA and B respectively. B. Charge distribution of GreA and GreB. The 
surface is colored by the electrostatic potential. White, uncharged; red, negative; blue, 
positive. Basic patch is shown. 
 
The N-terminal domain can not bind polymerase on its own, but is the domain 
that is responsible for inducing cleavage, and can stimulate cleavage when 
added to RNA polymerase in saturating amounts (Koulich, et al., 1998; 
Polyakov, et al., 1998). This domain is also responsible for transcriptional 
readthrough (Koulich, et al., 1998; Koulich, et al., 1997). Two elements on the 
N-terminal domain are crucial for their function. Crosslinking results limits the 
interaction region of Gre and RNA to the end tip of the coiled-coil domain 
(Koulich, et al., 1997; Stebbins, et al., 1995). Mutagenesis and crosslinking 
results demonstrate that the whole coiled-coil domain inserts to the secondary 
channel and two conserved acidic residues on the tip can be put into the active 
center and position the Mg II as well as the active water (Laptenko, et al., 2003; 
Sosunova, et al., 2003) (figure 3B, 5A). Another important element is so-called 
basic patch. GreA has just two Arg residues making up a short basic patch of 
Chapter II: Evolution of two modes of intrinsic RNA polymerase transcript cleavage 13
approximately 7Å long, while GreB has a extended basic region across the 
whole surface of the protein of about 35Å long containing several basic 
residues (figure 5B). The basic patch was proposed to anchor negatively 
charged nascent transcripts and thus determine the length of RNA to be 
cleaved as a “molecular ruler” (Kulish, et al., 2000). 
 
1.3.2  Cleavage factors in eukarya 
Cleavage factor TFIIS stimulates transcript cleavage in Pol II (Izban and Luse, 
1992; Reines, 1992; Rudd, et al., 1994). It can also stimulate cleavage on 
binary complex composed of RNAP and RNA alone (Johnson and Chamberlin, 
1994). In yeast, only one TFIIS gene has been identified, but in vertebrates like 
humans, multiple genes were identified including a more widely expressed 
form and some tissue specific forms, and all the isoforms can stimulate 
transcript cleavage in vitro (Labhart and Morgan, 1998; Plant, et al., 1996; 
Williams and Kane, 1996). TFIIS is not essential for cell viability in yeast, but 
the deletion mutant shows sensitivity to oxidants like menadione and drugs like 
6-azauracil (Koyama, et al., 2003; Koyama, et al., 2007; Nakanishi, et al., 
1995). Interestingly, TFIIS was also detected as a RNAP III transcription factor, 
indicating a general contribution of this protein (Ghavi-Helm, et al., 2008). 
TFIIS induces cleavage in two different ways. Stalled ternary complex 
generates primarily dinucleotides with the assistance of TFIIS while in an 
arrested complex, oligonucleotides of up to 17 nt can be released (Izban and 
Luse, 1992; Izban and Luse, 1993; Izban and Luse, 1993). TFIIS has a 
molecular weight of 35 kDa. Limited proteolysis revealed that TFIIS was 
composed of three domains (Morin, et al., 1996). NMR or X-ray structures 
were solved for all three domains, separately and for domain II and III 
combined, from yeast to human (Booth, et al., 2000; Kettenberger, et al., 2003; 
Morin, et al., 1996; Qian, Gozani, et al., 1993) (figure 6).  
Domain I covers the N-terminal residues 1-130 which are variable in TFIIS 
homologs (Labhart and Morgan, 1998). It contains sequence homologous to 
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another two elongation factors, elongin A and CRSP70 (Booth, et al., 2000). 
The function of domain I is poorly understood as it is dispensable for the 
cleavage stimulatory function of TFIIS, but required for efficient interaction with 
RNAP holoenzyme which includes several general initiation factors and 
promotes active preinitiation complex formation (Kim, et al., 2007; Pan, et al., 
1997). Domain I can be phosphorylated, and this TFIIS form can’t stimulate 
polymerase activity (Hirai, et al., 1988; Horikoshi, et al., 1985), indicating that 
this domain also participates on the regulation of TFIIS activity by 
(de)phosphorylation. A NMR structure shows a four helix bundle structure 
(figure 6). A basic patch was also found on the top of the helix bundle and the 
face formed by helix 1 and 3.  
TFIIS domains II and III and the linker between them are fully sufficient for 
binding to polymerase (Awrey, et al., 1998). NMR and X-ray structure reveal 
that it contains a stably folded three-helix bundle and some helical secondary 
structure which can only be seen upon binding to Pol II (Kettenberger, et al., 
2003; Morin, et al., 1996; Olmsted, et al., 1998) (figure 6). Several positively 
charged residues built up a basic patch on the third helix and the loop after. 
Mutations on this domain, especially on the basic patch, severely reduce Pol II 
binding without interfering with the stimulatory activity (Awrey, et al., 1998; 
Cipres-Palacin and Kane, 1995). The structure of Pol II-TFIIS shows that helix 
1 and 3 pack against the Rpb1 jaw domain, and the basic patch interacts with 
two acidic loops (Cheung and Cramer, 2010; Kettenberger, et al., 2003; Wu, et 
al., 1996). The linker domain is flexible in free TFIIS, but forms a helix upon 
polymerase binding (figure 6). After the helix, the linker passes through a 
narrow crevice into the secondary channel, and crevice opening is induced by 
the linker binding. Mutations, five-residue deletion or insertion in the linker 
affect TFIIS activity indicating the importance of the residues and spacing 
(Awrey, et al., 1998). Moreover, the linker domain determines 
species-specificity probably through orienting the domain II and III (Shimasaki 
and Kane, 2000). 
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Figure 6. Domain organization and structure of TFIIS. Secondary structure elements are 
shown. TFIIS domain I, II, linker, III are colored in dark green, light green, yellow and 
orange, respectively. Two principal acidic side chains are shown as sticks. 
 
Domain III (zinc ribbon) is the cleavage-stimulatory domain, but cannot induce 
cleavage separately even when added to Pol II in saturating amounts (Awrey, 
et al., 1998). It is highly conserved and functionally exchangeable between 
TFIIS orthologs in vitro and in vivo (Shimasaki and Kane, 2000). It contains 
three antiparallel β–sheets stabilized by four cysteines chelating a zinc ion 
(figure 6) (Olmsted, et al., 1998; Qian, Jeon, et al., 1993). It binds polymerase 
through many hydrophobic contacts and salt bridges. An acidic tip in the 
β–hairpin reaches pol II active center. Two conserved residues, Asp and Glu, 
are essential for activity. Mutations or exchange completely abolish TFIIS 
function (Jeon, et al., 1994).  
In the pol II-TFIIS complex, TFIIS binds to the Rpb1 jaw through domain II and 
linker helix, then extends into the funnel, inserts domain III into the pore, and 
positions the tip into the active center (Kettenberger, et al., 2003). The 
mechanism of cleavage stimulation by TFIIS is proposed to be analogous to 
that by Gre factors (Cramer, 2004), indicating that although sequence and 
structure of these factors diverged during evolution, their functions were 
maintained.  
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1.3.3  Effects of cleavage factors to transcription 
Cleavage factors induced cleavage has multiple biological roles in transcription. 
A well studied function is to rescue arrested complexes, allowing readthrough 
and productive elongation. RNAP frequently pauses on DNA templates. Blocks 
can be from primary DNA sequences (e.g. A/T rich), DNA lesions (e.g. those 
caused by oxidative damage) or from DNA-binding proteins (e.g. histones, 
“roadblock”) (Izban and Luse, 1993; Kireeva, et al., 2005). Long lifetime 
paused complexes falls into a state (“arrested state”) that is unable to continue 
elongation although the enzyme is intact and NTPs are supplied (Fish and 
Kane, 2002; Wind and Reines, 2000). The arrested state is severely disruptive 
to gene expression and can cause call death. In the presence of cleavage 
factors, the nascent transcript is cleaved generating a new 3’ end at the active 
site of RNA polymerase, and can continue to be elongated. However, in pol II, 
cleavage itself is not enough to allow readthrough  (Cipres-Palacin and Kane, 
1994). Thus, besides its ability to induce cleavage, TFIIS is suggested to also 
induce conformational changes in polymerase that allow readthrough. A 
second proposed role is to increase fidelity (Erie, et al., 1993; Jeon and 
Agarwal, 1996; Koyama, et al., 2003; Koyama, et al., 2007; Thomas, et al., 
1998). This role is apparently achieved by the ability of TFIIS to stimulate 
excision of misincorporated nucleotides. A third proposed role is to facilitate 
the transition from initiation to elongation by rescuing arrested polymerase and 
suppressing early RNA release (Adelman, et al., 2005; Hsu, et al., 1995; 
Malagon, et al., 2004). 
 
1.4  Eukaryotic RNA polymerase with strong intrinsic cleavage activity 
1.4.1  RNA polymerase I 
RNA Pol I was initially found to have RNase H cleavage activity with “broad 
base specificity” degrading RNA from RNA-DNA hybrids as mono- and di- 
nucleotides (Huet, et al., 1976). The activity associates with two subunits A49 
and A34.5 which dissociate from Pol I in the presence of urea (Huet, et al., 
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1977). Later on, RNase H activity was proposed to reside in dissociable factors 
which can be removed by high concentrations of Sarkosyl (Iborra, et al., 1979; 
Labhart, 1997; Tschochner, 1996). Kuhn et.al. clarified recently that, Pol I 
indeed possesses intrinsic cleavage (Kuhn, et al., 2007). And the cleavage 
activity is based on the A12.2 subunit, in particular the C-terminus, whose full 
activity requires a heterodimer made by subunits A49/A34.5, at least, the 
A49/A34.5 dimerization module together with either A49 linker or A34.5 tail are 
required(Geiger, et al., 2010).  
A12.2 has the sequence homologue to a factor TFS of archaeal RNA 
polymerase, subunit Rpb9 of polymerase II and to subunit C11 of Pol III, 
containing two potential zinc binding motifs:CX2CXnCX2C. The sequence of 
the C-terminal zinc binding domain has an identity of 40% to TFIIS zinc ribbon 
containing an invariant motif Q.RSADE..T.F. Indeed, A12.2 was found to 
strongly bind zinc through a radioactive zinc binding technique(Treich, et al., 
1991). Deletion of A12.2 makes cells heat sensitive(Nogi, et al., 1993). 
Although the C-terminus is more conserved, deletion of this part has no effect 
on the cell growth in elevated temperatures and no sensitivity to drugs like 
6-azauracil or mycophenolate, neither affects the interaction with the second 
largest subunit A135. In contrast, these functions require the N-terminal part, 
which is poorly conserved (Gadal, et al., 1997; Van Mullem, Landrieux, et al., 
2002). This indicates that N-terminal A12.2 is required for stability and the 
conformational change in polymerase which is enough for cell viability while 
C-terminal A12.2 specifically induces cleavage. Beside its functions in 
stabilization/cleavage, A12.2 is also important for transcription termination 
(Prescott, et al., 2004). Deletion of A12.2 resulted in a significant read-through 
of the terminator to the spacer sequence. Actually, a 3’ trimming processing 
event happens immediately after termination, cleaving 10 nt from pre-rRNA in 
a stretch of uridines (Kuhn and Grummt, 1989). 
Localization of A12.2 is suggested by low resolution EM structures and 
immunolabelling (Bischler, et al., 2002; Chedin, et al., 1998; De Carlo, et al., 
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2003; Kuhn, et al., 2007). A12.2 is indicated to localize the same as subunit 
Rpb9 of Pol II which has a very low intrinsic cleavage activity. Since this 
position is over 30Å towards the active center (figure 7), it is difficult to 
understand how A12.2 induces high cleavage from there. 
 
Figure 7. Structure of RNA polymerase II and localization of Rpb9 domains. PDB code is 
1WCM. Active center is shown with a red Mg ion. RNA pol II is shown in bottom view. 
 
1.4.2  RNA polymerase III 
Hydrolytic activity is proved to be universal for RNA polymerases. RNA Pol III 
stalled on a SUP4 tRNATyr gene template is also able to cleave nascent RNA 
from the 3’ end and this is factor-independent (Whitehall, et al., 1994). Similarly, 
Pol III cleavage products appear predominantly as di-nucleotide (and some 
mono- or tri-nucleotides also appear dependant on the sequence) from 3’ end 
of nascent RNA, and long cleavage products were not found for RNA 
polymerase III (Bobkova and Hall, 1997; Whitehall, et al., 1994). Cleavage 
positions were determined by the RNA sequence, especially by the secondary 
structure of the RNA-DNA heteroduplex. Pol III is prone to cleave 5’ to an 
internal uridine positions where a weak rU:dA hybrid is present (Martin and 
Tinoco, 1980). Divalent cations are also required to allow cleavage to occur. 
Pol III has similar cleavage activity characteristics with factor-independent 
vaccinia virus RNA polymerase in which subunit rpo30 was proposed to induce 
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cleavage (Hagler and Shuman, 1993). First, non-cognate NTPs can stimulate 
the rate of cleavage in polymerase III. Second, Sarkosyl which is able to 
separate dissociable factors has no effect on cleavage activity by RNA 
polymerase III, indicating that it is not dependent on exogenous factors. 
 
Figure 8. Sequence alignment of S.cerevisiae Rpb9, A12.2, C11, TFIIS-C-terminal zinc 
ribbon, P.furiosus TFS. Cysteines of the zinc-binding domains are boxed in brown. 
Amino acids identical in sequence of at least A12.2, C11, TFS and TFIIS are boxed in 
orange. Archaeal TFS specific Gly is boxed in yellow. Polymerase specific conserved 
sequences in the linker domains are underlined in red and dark yellow for Rpb9 and C11 
respectively. Secondary structures of Rpb9 are shown in red. 
 
An endogenous Pol III subunit encoding a small size protein (~110 residues, 
11 kDa) in yeast was found to be responsible for transcript cleavage, and was 
particularly efficient in cleaving misincorporated nucleotides (Alic, et al., 2007; 
Chedin, et al., 1998; Landrieux, et al., 2006). Orthologs in S.pombe, human 
and zebrafish were also reported (Chedin, et al., 1998; Huang, et al., 2005; 
Yee, et al., 2007). Sequence alignment indicates that C11 is homologous to 
Rpb9 and A12.2, containing two potential zinc binding domains, separated by 
a nonconserved linker. The C-terminal zinc-binding domain is most conserved, 
sharing especially high similarity with that of TFIIS (~67%) (figure 8). Similarly, 
C11 also has two invariant residues Asp and Glu in the C-terminal zinc-binding 
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domain and they are essential for cleavage activity (Alic, et al., 2007; 
Landrieux, et al., 2006). Additionally, disruption of the potential C-terminal zinc 
binding domain also decreases cleavage activity indicating that active C11 
requires an intact structure (Huang, et al., 2005). The linker region is 
conserved only among C11 orthologs, containing a stretch of residues which 
were suggested to be necessary for the assembly of C11 to Pol III (underlined 
in figure 8). However, C11 (and especially the invariant acidic residues DE) is 
essential for cell viability (Chedin, et al., 1998), whereas A12.2 and Rpb9 
which are not essential under normal growth conditions (Nogi, et al., 1993; 
Woychik, et al., 1991). Besides its cleavage activity, C11 is also important for 
termination and reinitiation (Huang, et al., 2005; Landrieux, et al., 2006; Yee, et 
al., 2007). 
Interestingly, some mutations in the two largest subunits in Pol III, C160 and 
C128 were shown to be able to increase or decrease cleavage activity of pol III 
(Bobkova, et al., 1999; Thuillier, et al., 1996). These results, together with 
observation of a faraway position of its homolog Rpb9 from the active center in 
Pol II, led to the view that C11 is involved indirectly for the cleavage activity 
which was embodied in polymerase itself (Geiduschek and Kassavetis, 2001; 
Walmacq, et al., 2009). However, none of these mutants are devoid of 
cleavage activity. Since they locate either in the vicinity of C11, or in the mobile 
domains which contact RNA-DNA duplex or the downstream DNA, it is 
possible that those mutations affect cleavage activity indirectly by affecting the 
movement of DNA or RNA-DNA duplex, regulating the pausing time during 
which cleavage can happen, or affecting C11 activity. 
There are very few investigations of C11 so far. Therefore, the mechanism of 
cleavage activity and localization of C11 remain unclear. Because of the 
conserved C-terminal sequence with TFIIS, C11 was assumed to interact with 
polymerase in the same manner, by insertion of the C-terminal domain to the 
pore and direct stimulation, although no evidence was given. Crosslinking 
between C11 and RNA also was unsuccessful (Kassavetis, et al., 2010). Yeast 
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two-hybrid screening proposed that C11 interacts with early N-terminus of 
C128 “protrusion” region, so does its homolog A12.2 in Pol I (Flores, et al., 
1999; Van Mullem, Landrieux, et al., 2002). EM structures of Pol III indicated 
that the N-terminal domain of the C11 is positioned similarly to its homolog 
Rpb9 in Pol II, but the C-terminal is missing (Fernandez-Tornero, et al., 2010; 
Fernandez-Tornero, et al., 2007). The EM structure of Pol I reveals that the 
C-terminal domain of A12.2, which is the functional and sequence homolog of 
C11, is positioned at the same place as the Rpb9 C-terminus (Kuhn, et al., 
2007) (figure 7). These results indicate a fuzzy localization speculation of C11 
which will lead to significantly different mechanism. Due to the lack of high 
resolution atomic structure of complete Pol III, it is still an argumentative 
question. 
 
1.5  Cleavage activity in archaeal RNA polymerase 
As mentioned in Chapter I, archaea are more similar to eukarya than bacteria 
in transcription and translation machinery and are thought to be closer to the 
common ancestor. Since cleavage activity is essential for cells, archaeal 
RNAP should be expected to have cleavage activity as well (Sigurdsson, et al., 
2010). An ORF immediately after the gene coding for L subunit in the same 
gene cluster in archaea was found to code a small protein homologous to the 
A12.2/Rpb9 subunit of eukaryotic RNAPs (Langer, et al., 1995; Langer and 
Zillig, 1993). Sequence analysis found that this protein shares similarity with 
eukaryotic subunits even more than the eukaryotic subunits do with each other. 
In other words, eukayotic subunits diverged more from each other than from 
the archaeal homolog (Kaine, et al., 1994). Since it is also homologous to 
eukaryotic TFIIS, this protein was named as subunit M or TFS. Later on, this 
protein was indeed proved to induce di-nucleotide cleavage in archaeal RNAP 
(Hausner, et al., 2000). TFS is also able to induce cleavage of misincorporated 
nucleotides and reduce misincorporation, and can therefore can improve 
transcription fidelity (Lange and Hausner, 2004). Although TFS shows high 
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similarity with Rpb9/C11/A12.2, it doesn’t bind or binds weakly to archaeal pol, 
indicating that TFS is not an intrinsic subunit (Hausner, et al., 2000). Thus in 
the X-ray structures of archaeal RNAP, TFS is not included. Sequence 
alignment shows that TFS possesses two potential zinc binding domains as its 
eukaryotic homologs (figure 8). Although a NMR structure of the C-terminal 
domain was solved, structure of the whole protein is still lacking (Wang, et al., 
1998). The mechanism of TFS induced cleavage is also not understood. 
 
1.6  Aims and objectives of this thesis 
Although the active centers of eukaryotic RNA Pol I, II, and III are conserved, 
the strength of their intrinsic cleavage activity greatly differs with each other. 
Whereas the cleavage activity is very strong for Pol I (Kuhn, et al., 2007) and 
Pol III (Alic, et al., 2007; Thuillier, et al., 1996), it is very weak for Pol II, which 
needs stimulation by TFIIS, containing a Pol II-binding domain and a 
C-terminal Zn-ribbon (hereafter referred to as C-ribbon). Because of the 
lacking of high resolution structural information of Pol I and Pol III, the 
molecular basis for this phenomenon remains unknown. Intrinsic cleavage 
requires the Rpb9 homologous subunits TFS, A12.2, and C11 in archaeal pol, 
eukaryotic Pol I, and Pol III, respectively (Chedin, et al., 1998; Hausner, et al., 
2000; Kuhn, et al., 2007). Rpb9 resides on the Pol II surface, where its 
N-ribbon forms part of the Rpb1/9 jaw and its C-ribbon binds on between the 
Rpb1 and Rpb2 domains, distinct from the active center. The C-ribbon of TFIIS 
is also homolog of Rpb9/A12.2/C11. However, the C-ribbon of TFIIS binds the 
pore and reaches the active site with a hairpin containing the invariant 
residues D290 and E291 that are required for function. Whereas A12.2 and 
C11 contain these hairpin residues, Rpb9 lacks the residue corresponding to 
E291. The aim of this work was to study the molecular basis for the different 
intrinsic RNA cleavage activities between Pol I, II, III and answer the question 
how the C-ribbon domains are related evolutionarily and mechanistically, and 
how this may result in different cleavage activities. This objective was achieved 
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by using a combination of mutagenesis, cleavage assays, and X-ray 
crystallography techniques. The results unravel the molecular basis for 
differential intrinsic RNA cleavage activities of Pol II and Pol III, and suggest 
how the C-ribbon domains are related evolutionarily and how different 
cleavage activities arose during evolution. 
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2. Results 
 
2.1  A Pol II variant with strong intrinsic RNA cleavage. 
2.1.1  Rpb9 is required for weak intrinsic cleavage activity. 
Previous studies indicate the importance of Rpb9 for the fidelity of Pol II 
transcription in vivo (Nesser, et al., 2006). Before nucleotide incorporation, the 
incoming NTP was discriminated by polymerase and only the correct NTP is 
then sequestrated by a mobile element called trigger loop (TL) after which a 
phosphoryl group transfers and a phosphodiester bond forms (Sydow and 
Cramer, 2009). Pre-incorporation fidelity requires Rpb9, and was suggested to 
do so by delaying TL closure (Walmacq, et al., 2009). Post-incorporation 
fidelity in pol II requires both Rpb9 and TFIIS (Awrey, et al., 1997; Hemming 
and Edwards, 2000; Koyama, et al., 2007). Rpb9 has never been 
demonstrated to contribute to the Pol II intrinsic cleavage activity. Actually, in 
vitro experiments propose that Rpb9 is dispensable for intrinsic cleavage 
activity (Awrey, et al., 1997; Weilbaecher, et al., 2003) by using assays done 
under elevated pH and suggest that Rpb9 just transfers the signal from TFIIS 
to polymerase. However, elevated pH can increase the amount of active water 
which attacks phosphodiester bond and thus would provide an artificial and 
inaccurate conclusion. I aimed to investigate the basis for intrinsic RNA 
cleavage in vitro by using Pol II lacking Rpb9 (Pol IIΔ9), and complementing 
the Pol IIΔ9 enzyme with Rpb9 variants, and investigating the resulting Pol II 
variants for their cleavage activity. Pol IIΔ9 was prepared from a yeast strain 
lacking the rpb9 gene (Janke, et al., 2004). As expected, Pol IIΔ9 was inactive 
in cleaving the RNA 3’-end in reconstituted elongation complexes with a 
3’-RNA-DNA G-G mismatch (figure 9, 10, 11) (Kuhn, et al., 2007; Sydow, et al., 
2009), whereas addition of Rpb9 led to mild cleavage stimulation (figure 11A 
lanes 2-3). Since the cleavage reaction I used is under physiological pH, this in 
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vitro result proves that Rpb9 indeed contributes for the weak intrinsic cleavage 
activity of Pol II.  
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Figure 9. Nucleic acid scaffold used for the assays(A) and experiment strategy(B). 
Non-template and template DNA are shown in cyan and blue, respectively, RNA is in red. 
A mismatched nucleotide at the RNA 3’-end is shown in brown. Red, orange, light green 
and dark green spheres represent different Rpb9 constructs. 
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2.1.2  A Pol II variant with strong intrinsic RNA cleavage. 
 
To explore whether the pol III subunit C11 may replace Rpb9 function in 
pol II, I prepared a Rpb9-C11 fusion protein that contains the Rpb9 N-ribbon 
fused to the C11 C-ribbon. Since the Rpb9 N-ribbon and the linker between the 
two ribbon domains, including the conserved residues 65-70, interact with pol 
II (Hemming and Edwards, 2000), I fused Rpb9 residues 1-74 to C11 residues 
69-110 (protein variant Rpb9-C11-0, figure 10) Surprisingly, this fusion protein 
conferred very strong RNA cleavage activity to pol II (figure 11A-B, lane 4).  
To investigate this interesting gain-of-function mutation, I prepared and 
functionally analyzed a total of 27 fusion protein variants (variants Rpb9-C11-0 
to -24, Rpb9-C11-26, -27, figure 10, figure 12). These experiments revealed 
that the minimal C11 region required to transfer strong cleavage to Pol II 
comprised C11 residues 84-110 (figure 11, variants Rpb9-C11-1, -2, -3, -4, -7, 
-8, lanes 5-8, 11-12). This region forms the core of the zinc-binding C-ribbon 
fold, suggesting that the C-ribbon domain must be structurally intact to induce 
strong cleavage. Indeed, the N- and C-ribbon are both required for strong 
cleavage (figure 11, variants Rpb9-C11-5, -6, -18, -19, lanes 9-10, 22-23) 
consistent with the finding that individual zinc domains of Rpb9 can’t bind to 
pol II (Hemming and Edwards, 2000). 
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Figure 10. Protein variants used in functional and structural analysis. On the top, an 
alignment of amino acid sequences of the C-ribbons in S. cerevisiae (Sc) Rpb9, A12.2, 
C11, and TFIIS, and P. furiosus (Pfu) TFS is shown. Secondary structure elements in 
Rpb9 and TFIIS are in orange and green, respectively. Below the alignment, the 
C-terminal sequences of the fusion protein variants are shown. 
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Figure 11. (A) Electrophoretic separation of RNA products in cleavage assay using 
different protein variants (compare Experimental procedures, compare Figure 1). RNA 
bands obtained after cleavage of two or four nucleotides are indicated by arrows (-2 and 
-4, respectively). (B) Quantification of cleavage activities determined in B. For each 
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reaction, the amounts of uncleaved RNA and -2 and -4 cleavage products were 
quantified. The cleavage activity was calculated as the percentage of -2 and -4 cleavage 
products with respect to total RNA observed. Reaction times of 10 and 60 min are 
indicated as red and dark green bars, respectively. Average values for two independent 
experiments are shown. Experiments were highly reproducible. 
 
2.1.3  Purification of 36 protein variants. 
36 protein variants were expressed and purified as described in Experiment 
Procedures in this Chapter. After cell lysis, E.coli lysate was centrifuged and 
the supernatant was loaded onto Histrap Ni-affinity column. The column was 
washed with buffer containing 2M NaCl and 40mM imidazol. E.coli proteins 
which bind the chromatographic resin unspecifically and nucleic acids could be 
removed by the high salt. Low concentration of imidazol removed most of 
E.coli protein contaminants. Then wash the column with buffer containing 
100mM imidazol. Protein variants washed at 300mM imidazol already show 
high purity. Subsequent gel filtration resulted in a single peak and highly pure 
protein confirmed by SDS-PAGE analysis (figure 12A). Cell lysate containing 
archaeal TFS variants was additionally treated by high temperature(90˚C) for 
20min before affinity column which removed almost all of the E.coli 
contaminant. Subsequent purification steps were the same as pol II protein 
variants. Figure 12 A gives a purification example using Rpb9-C11-1. In figure 
12 B some examples of purified protein variants are given showing their final 
purity by SDS-PAGE analysis. 
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2.2  The cleavage-active Pol II variant contains a mobile C-ribbon. 
2.2.1  The variant binds weakly to the RNA polymerase II 
To investigate the structural basis for the observed strong RNA cleavage, I 
crystallized the Pol II variant containing the fusion protein Rpb9-C11-1, which 
has the minimal replacement of Rpb9-C-terminus by residues from C11. In 
order to get a homogenous Pol II variant, after incubating 5-fold molar excess 
of Rpb9-C11-1 with Pol IIΔ9 for 20min, a gel filtration run was performed to 
remove excess of Rpb9-C11-1. Surprisingly, after TCA precipitation and 
SDS-PAGE analysis, Rpb9-C11-1 can not be found in the expected complex 
fractions (figure 13). However, by using Rpb9 wild-type, a complete Pol II can 
be found after gel filtration, indicating a stable and tight binding of Rpb9 to Pol 
IIΔ9 (figure 13B). Apparently, even after making a minimal replacement, the 
residues from C11 broke some interactions with Pol IIΔ9, and resulted in weak 
Figure 12.  
A. Chromatogram of the 
Superdex75 gel filtration. 
Absorbance at 280nm is 
measured to detect protein 
elution. SDS-PAGE analysis 
of the peak fraction is shown 
next to it.  
 
B. SDS-PAGE analysis of 
some purified proteins from 
three variants groups: 
 
Rpb9-C11/TFIIS fusion 
proteins comprise all the 
three domains, or individual 
N-/C-domains; 
 
TFIIS-C11 fusion proteins; 
 
TFS-C11 fusion proteins. 
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binding.  
 
Figure 13. A. SDS-PAGE analysis of reconstitution result of PolΔ9 and Rpb9-C11-1. 
Chromatogram of the Superose6 gel filtration after assembly is shown in the bottom 
panel. Interested peaks are marked by an arrow. B. SDS-PAGE analysis of 
reconstitution result of PolΔ9 and recombinant Rpb9. Chromatogram of the Superose6 
gel filtration after assembly is shown in the bottom panel.  
 
2.2.2  X-ray analysis of the cleavage-active Pol II variant 
Because of the weak binding of the cleavage-active variant, a mixture solution 
of 11-subunit Pol IIΔ9 and Rpb9-C11-1 was subjected to crystallization trials. 
Equal molar amounts of Pol IIΔ9 and Rpb9-C11-1 were mixed and incubated 
for 30 min resulting a final protein mixture with a concentration of 4.5 mg/ml. 
Crystals were grown by mixing 2.5 μl of the protein mixture solution with 1 μl of 
reservoir solution(Experimental procedures). Crystals grew to a maximum size 
around 0.1× 0.1× 0.1 mm3. Despite extensive efforts, only poorly diffracting 
crystals could be obtained, but eventually I solved the structure at 4.3 Å 
resolution (Table 2). The structure revealed that the conformation of Pol II 
around the active center was unchanged, with the bridge helix straight and the 
trigger loop open and mobile. The Rpb9-C11-1 N-ribbon and the Rpb9 linker 
strand β4 (residues 1-48) were located at the Rpb1 jaw as in wild-type Pol II. 
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However, the C-ribbon was mobile and did not occupy the position of the Rpb9 
C-ribbon on the surface (figures 14, 15). These results indicated that strong 
cleavage was not due to enhanced allostery. 
 
 
Figure 14. Structure comparison of free RNA polymerase II wild type(left) and Pol II 
variant(right) which shows high cleavage activity. PDB code of Pol II wt is 1WCM. Both 
structures are shown as ribbon and side view. The main difference from Rpb9/variant 
colored as orange is shown by arrows. 
 
 
Figure 15. Crystallographic analysis of the highly cleavage-active Pol II variant 
containing Rpb9-C11-1. Shown is the difference electron density map contoured at 2.5σ 
(green mesh) for the N-ribbon of Rpb9-C11-1 (orange ribbon model). A peak in the 
anomalous difference electron density map (magenta mash) coincides with the position 
of the N-ribbon zinc ion Zn3 (cyan sphere). 
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Table 2. Crystallographic data and refinement statistics for the cleavage-inducing Pol II 
variant containing the fusion protein Rpb9-C11-1. 
 
Data collection  
Space group C2221 
Cell dimensions 
    a, b, c (Å) 222.4, 393.4, 281.4 
Resolution (Å) 48.6-4.3 (4.4-4.3)a 
Rsym (%) 10.6 (103.3) 
I / σ(I) 8.6 (2.1) 
Completeness (%) 98.4 (99.0) 
Redundancy 3.8 (3.9) 
Wavelength (Å) 1.2664 
Refinement  
Resolution (Å) 48.6-4.3 (4.4-4.3) 
No. reflections 82,532 (6065) 
Rwork / Rfree （%） 23.5 / 28.1 
No. atoms 30,544 
R.m.s. deviations  
    Bond lengths (Å) 0.011 
    Bond angles (°) 1.099 
7 Zn peaks in anomalous difference Fourier (σ) 9.4  11.7  9.9b  9.2  8.2  13.0  11.6 
aValues in parenthesis correspond to the highest resolution shell. 
bPeak for zinc ion in the N-ribbon of Rpb9-C11-1. 
 
2.2.3  Weakening or loss of several contacts allow the detachment of 
C-ribbon 
Inspection of the Pol II structure suggested that detachment of the C-ribbon 
from the lobe requires weakening or loss of several contacts (figure 16). First, 
a contact of Rpb9 residue R92 with the lobe residues E262 and D391 is lost in 
the Rpb9-C11 variant because the arginine is replaced by a serine. Second, 
Rpb9 residue K93 is within contact distance with Rpb2 residue D391 in the 
lobe, but this lysine is not present in C11, leading to loss of a potential salt 
bridge. Third, the C-ribbon residue R91 forms a salt bridge with Rpb1 residue 
D781 (figure 16). This arginine is invariant in all C-ribbons, thus the salt bridge 
could in principle be maintained. However, the preceding Rpb9 residues S88 
and Q90 buttress C-ribbon residues that interact with the Pol II surface. In 
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particular, residue Q90 buttresses Rpb9 residues 50-52, which bind the Pol II 
lobe, and the preceding residue Q87 interacts with the Pol II funnel domain 
(figure 16). Since the counterparts of S88 and Q90 are hydrophobic in C11 
(L85 and I87) and also in the C-ribbons of TFIIS, A12.2 and TFS (figure 10), 
C-ribbon binding to the polymerase surface is apparently weakened. 
Consistent with this prediction, replacing the two hydrophobic residues in the 
cleavage-inducing variant Rpb9-C11-1 with valines retained strong cleavage 
(figures 10, 11, variant Rpb9-C11-9). These results help rationalize why the 
C-ribbon is detached from the polymerase surface and mobile in the 
cleavage-active Pol II variant. 
 
 
 
Figure 16. Interface between the Rpb9 C-ribbon and linker (orange) and Pol II domains 
in different colors as indicated (PDB 1WCM). (A) Side view as in Figure 2 and 4. Orange 
spheres indicate the location of Rpb9 amino acid residues referred to in the results. (B) 
View rotated by 90 degrees with respect to that in A as indicated. Important interface 
residues in Rpb9 and Rpb1 are depicted. Dashed lines indicate salt bridges. 
 
 
 
2.3 Evidence that the C-ribbon is catalytic and binds the Pol II pore 
The above results suggested that cleavage stimulation by the Rpb9-C11 
fusion protein is not due to enhanced allostery, but that a switch in cleavage 
mechanism occurred, and the C-ribbon transiently inserted into the pore, to 
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directly stimulate cleavage by complementation of the active center with 
catalytic residues in the hairpin. This model predicted that the hairpin residues 
are required for cleavage stimulation, just like the corresponding catalytic 
residues in TFIIS. Indeed, mutation of C11 residues D91 and E92 in the β6-β7 
hairpin of the fusion protein or just residue D91 to alanine abolished cleavage 
(figures 10, 11, variants Rpb9-C11-16/17, lanes 20/21). The model also 
predicted that the residue K108 in the C-ribbon forms a salt bridge with Rpb1 
pore residue D1359, as observed in the Pol II-TFIIS complex structure 
(Kettenberger, et al., 2003). Indeed, mutation of K108 leads to a strong 
reduction in cleavage stimulation (figures 10, 11, 17, variant Rpb9-C11-20, -21, 
-24, lane 24, 25, 28). In addition, the conserved residue E109 in the C-ribbon 
forms a salt bridge with the Rpb1 residue K619 that is also located in the pore, 
and is invariant in Pol III enzymes. Consistent with this proposal, deletion of the 
C-terminal C11 residue E109 leads to a strong reduction in cleavage 
stimulation (figures 10, 11, 17, variant Rpb9-C11-22, -23, lanes 26, 27). 
Variants that do not contain this residue also lost activity (figures 10, 11, 
variant Rpb9-C11-13, -14, lanes 17, 18). 
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Figure 17. Interactions between the Rpb9-C11-1 C-ribbon model and Pol II in the 
secondary channel. Side view as in Figure 14-16. Mg in the active center is shown as 
red sphere. Zn in the Rpb9-C11-1 C-ribbon is shown as cyan sphere. Dashed lines 
indicate salt bridges. 
 
2.4  The C-ribbon could reach the pore and active center through a 
long linker 
We next investigated whether and how the C-ribbon could reach the pore and 
active center. Modelling showed that the Rpb9 linker residues 48-53 are not 
long enough to link the Rpb9-C11 N-ribbon located on the jaw with a C-ribbon 
located in the pore. However, residues 54-85 could additionally be used to link 
the domains if their limited interactions with the Rpb9 C-ribbon would be broken 
in the Rpb9-C11-1 variant. This is apparently achieved in the variant because 
Rpb9 C-ribbon residues I109, and T111, which interact with linker residues, 
are replaced with arginine and lysine, respectively, in the fusion protein, which 
apparently breaks the hydrophobic contacts between the linker and C-ribbon. 
Consistent with this proposal, mutations in the cleavage-inducing variant 
Rpb9-C11-1 that were predicted to prevent detachment of the Rpb9 linker from 
the C-ribbon could not stimulate strong cleavage (figure 10, 11, Rpb9-C11-3, 
-7, -8, -10, -11, -12, -20, -21, -24, lanes 7, 11-12, 14-16, 24-25, 28).  
I also tested whether shortening of the linker between the two ribbons would 
abolish cleavage because the C-ribbon could not reach the active center. 
Indeed, variants with shorter linkers did not induce strong RNA cleavage 
(figures 10, 11, variants Rpb9-C11-26, -27). In addition, Rpb9 contains a salt 
bridge between the linker residue E54 and R118 in the C-ribbon (figure 16), 
but this is lost in cleavage-inducing variants that lack the C-terminal arginine. 
In variants that could form this interaction, strong cleavage activity was lost 
(figures 10, 11, variant Rpb9-C11-3, -7, -10, -11, -12, -15, lanes 7, 11, 14-16, 
19).  
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2.5  The C11 C-ribbon functions in the Pol II pore 
All the above results support the model that in the Rpb9-C11-1 variant the 
N-ribbon remains on the jaw, whereas the C-ribbon transiently occupies the 
pore to induce strong RNA cleavage. This requires that the C11 C-ribbon can 
function in the Pol II pore. To test this, I prepared TFIIS variants in which the 
TFIIS C-ribbon is replaced by the C11 C-ribbon. Indeed, such fusion proteins 
were as active as wild-type TFIIS (figures 10, 11, variant TFIIS-C11-2, -3). 
Further, the model predicted that replacing the C11 C-ribbon in the 
Rpb9-C11-1 variant by the TFIIS C-ribbon should also induce strong RNA 
cleavage. This was indeed observed, although cleavage was weaker when I 
replaced the TFIIS linker with the Rpb9 linker (figures 10, 11, variants 
Rpb9-TFIIS-1-4). Weaker cleavage induction by the variants Rpb9-TFIIS-3/4 
compared to the variants Rpb9-TFIIS-1/2 can however be explained by a loss 
of TFIIS residues D267 and R268 that form salt bridges with Pol II at the 
entrance to the pore (Kettenberger, et al., 2003) and the loss of E109 in the 
C-ribbon which is also predicted to form a salt bridge in the pore. These results 
show that the C11 C-ribbon can bind the Pol II pore and induce strong RNA 
cleavage, and that a cleavage-inducing C-ribbon can reach the pore if tethered 
to the Rpb9 N-ribbon located on the jaw.  
 
2.6  Catalytic C-ribbons are conserved between archaea and 
eukaryotes 
The above analysis suggested a simple evolutionary relationship between 
A12.2, Rpb9, C11, and TFIIS (figures 10, 11, 15). First, A12.2 and C11 
correspond to the archaeal TFS. In A12.2, C11, and TFS, the N-ribbon 
corresponds to that of Rpb9, whereas the C-ribbon corresponds to that in 
TFIIS. To test this prediction, we performed cleavage assays with the archaeal 
RNA polymerase from Pyrococcus furiosus (Pfu). The polymerase alone could 
not induce cleavage, but addition of recombinant Pfu TFS enabled strong 
cleavage (figure 18) consistent with previous reports (Hausner, et al., 2000; 
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Lange and Hausner, 2004). Mutagenesis revealed that cleavage required the 
TFS hairpin residues D90 and E91 as predicted (figures 10, 18). Addition of a 
fusion protein in which the TFS N-ribbon was fused to the C11 C-ribbon (figure 
10, 18) also enabled cleavage, strongly arguing that the pore-binding 
cleavage-inducing function of the C-ribbon was conserved between archaea 
and eukaryotes during evolution, and supporting our model for the domain 
relationships. 
 
 
Figure 18. The C11 C-ribbon functions in the archaeal system. (A) Electrophoretic 
analysis of RNA products in a cleavage assay with different protein variants (Figure 11). 
RNA bands obtained after cleavage of mainly two or four nucleotides are indicated by 
arrows (-2 and -4, respectively). Lane 1 shows the reactant RNA. (B) Quantification of 
cleavage activities. 
 
 
3. Discussion 
 
3.1  Two cleavage models in RNA polymerases. 
Work in this thesis unravels the molecular basis for the difference in RNA 
cleavage activities of Pol II and Pol III. I show that replacement of the Rpb9 
C-ribbon by the C11 C-ribbon confers strong intrinsic cleavage to Pol II. This 
unexpected gain of function stems from a switch in the cleavage mechanism, 
as suggested by X-ray crystallography and mutagenesis. Whereas the Rpb9 
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C-ribbon acts allosterically from the polymerase surface, the C11 C-ribbon acts 
directly by binding the pore and complementing the active center with its 
catalytic hairpin. Thus two modes exist for polymerase-intrinsic RNA cleavage, 
an allosteric, weak mode used by Rpb9, and a direct, strong mode used by 
C11 and TFIIS. 
 
3.1.1  Weak cleavage activity in Pol II via an allosteric model. 
After Surratt et al. (Surratt, et al., 1991) first discovered that polymerases 
possess intrinsic cleavage, further work unravelled that this activity is 
conserved in many DNA-dependent RNA polymerases and is important in the 
control of elongation. In pol II, subunit Rpb9 was studied a lot for its 
contribution for transcription fidelity, however, because of experimental 
strategy they applied, Rpb9 has never been demonstrated to contribute to the 
intrinsic cleavage activity (Awrey, et al., 1997; Weilbaecher, et al., 2003). In 
this thesis, by using a bead assay under physiological pH, the result indicates 
that Rpb9 is indeed involved in the weak cleavage activity of pol II. Because 
Rpb9 locates on the surface of pol II, it must stimulate the activity through an 
allosteric model. However, structure of free polymerase II didn’t give any 
information about how Rpb9 contribute to the intrinsic cleavage activity. There 
are two possibilities as follows that do not contradict each other. 
The first possibility is that Rpb9 affects the dynamics of an element called 
trigger loop (TL) indirectly (figure 19). The trigger loop is strictly conserved 
from bacteria to archaeal and eukarya, based on its role to transcription. 
Trigger loop is also a very flexible structure which can have at least five 
conformations: closed, opened, wedged, backtrack-intermediate, trapped 
(Brueckner and Cramer, 2008; Cheung and Cramer, 2010; Cramer, et al., 2001; 
Wang, et al., 2009; Wang, et al., 2006). The flexibility is important for regulating 
transcription. When the trigger loop is in the backtrack-intermediate 
conformation, residues N1082 and Q1078 contact the phosphate group 
between backtracked residue +2 and residue +1. Together with other residues 
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of polymerase, backtracked residues can be stabilized and coordinate and 
orient Mg II and active water for nucleophilic attack during cleavage 
reaction(Zenkin, et al., 2006). The trigger loop was indeed proved to be 
essential for intrinsic cleavage in vitro in Thermus aquaticus (Yuzenkova and 
Zenkin, 2010). Rpb9 doesn’t appear to have direct interaction with trigger loop 
at this conformation, and, Rpb9 interacts with another two elements: the F-loop 
(FL) and funnel, and they in turn, interact and stabilize TL through several 
hydrogen bonds as well as hydrophobic interactions (figure 19). Most of the 
interactions are from the funnel. Although in Taq RNAP, FL was demonstrated 
to affect intrinsic cleavage activity only slightly (Miropolskaya, et al., 2009), it is 
very short in bacteria, while having a large insertion in eukaryotic FL which 
enables FL to interact with TL. 
The second possibility is that Rpb9 modifies the overall structure of RNA 
polymerase. The N-terminus of Rpb9 connects pol II “lobe” domain from Rpb2 
and “jaw” domain from Rpb1 like a clip, thus the role of Rpb9 to intrinsic 
cleavage would be to maintain the conformation of whole polymerase which 
provides optimal chemistry environment for cleavage reaction to happen. 
Consistently, strains which have only N-terminus of Rpb9 are not sensitive to 
high temperature or nucleotide-depleting drug mycophenolate (Van Mullem, 
Wery, et al., 2002). 
Rpb9 may also affect other regions of pol II like Bridge helix which is also 
important for transcription. However, there is no evidence so far that bridge 
helix is required for pol II cleavage activity. 
 
Chapter II: Evolution of two modes of intrinsic RNA polymerase transcript cleavage 42
 
Figure 19. Structure of the Pol II-TFIIS complex with nucleic acids viewed from the side. 
 
3.1.2 Strong cleavage activity in Pol I, III and archaeal RNAP via a 
direct model 
In eukarya, RNA pol II produces protein-coding RNAs which will be translated 
to protein to function, while pol I and III produce ribosomal RNAs and tRNAs 
which are directly used. Thus, accuracy of transcription in these two 
polymerases appears to be more crucial. The most efficient way to increase 
cleavage activity is to retain a second Mg ion and active water directly and 
stimulate cleavage reaction. Work of this thesis indicates the similar 
mechanism between C11 and TFS/TFIIS and also indicates the flexibility of 
C11 C-ribbon. This mechanism represents another model in intrinsic cleavage 
activity via a direct way(figure 19) and suggests a scenario for proofreading 
process of pol I and III: as an intrinsic subunit of these polymerases, 
A12.2/C11 N-terminus associates with polymerase during transcription, 
allowing their fast and efficient interactions with other regions of polymerase 
through their flexible C-ribbon; as soon as a mistake happens, forward 
translocation is disfavored, opening a time window for A12.2/C11 C-ribbon to 
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go to the secondary pore, interact with polymerase and correctly position the 
catalytic acidic residues; these residues coordinate second Mg ion, activate 
and orient a water molecule for nucleophilic attack of the phosphodiester bond; 
after cleavage, A12.2/C11 C-ribbon leaves the pore, and elongation continues. 
Since A12.2 has a much longer linker than C11/Rpb9, this linker might be able 
to contribute to affinity for RNA Pol I, just like the TFIIS linker for the RNA Pol II, 
and thus make A12.2 stimulate Pol I cleavage more efficiently. 
An interesting indication from this work is that C-ribbon of these 
subunits/factors cleavage determines the mechanism of cleavage stimulation. 
Rpb9 C-ribbon replaced by C11 C-ribbon switches the mechanism to the direct 
model, stimulating high intrinsic cleavage activity in Pol II. Rpb9 C-ribbon 
replaced by TFIIS C-ribbon also switches to corresponding mechanism of 
TFIIS. 
 
3.2  Evolution of the cleavage activity. 
My results also suggest a model how polymerase cleavage activities evolved 
(figure 20). Pol I and Pol III have strong intrinsic cleavage activities because 
they contain homologues of archaeal TFS (A12.2 and C11, respectively) that 
contain C-ribbons with catalytic hairpins that can enter the pore to directly 
stimulate cleavage. In the Pol II system, the two domains are however part of 
two different polypeptides. Whereas the N-ribbon is part of Rpb9, the C-ribbon 
is part of TFIIS. During evolution, the C-ribbon likely duplicated and was 
altered in Rpb9 to attach the domain to the surface and to allow only for weak, 
allosteric cleavage induction. Corresponding to this model, the N-terminal 
domain of TFS probably positions itself on archaeal RNAP in a position similar 
to the Rpb9 N-terminal domain, contacting the polymerase lobe and jaw 
domain while its C-terminal domain positions itself in a similar fashion to the 
TFIIS C-terminal domain in the pore. A12.2, C11 are predicted to inherit the 
same localization on RNA Pol I and III from archaeal TFS(figure 19, figure 20). 
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Figure 20. Proposed evolutionary relationship between zinc ribbon domains in TFS, 
A12.2, C11, Rpb9, and TFIIS. 
 
These results are consistent with published data. First, mutation of the C11 
hairpin residues is lethal (Chedin, et al., 1998). Second, the C11 C-ribbon is 
not observed on the surface in a recent electron microscopic structure of Pol III, 
consistent with transient binding to the pore (Fernandez-Tornero, et al., 2010). 
Third, C11 and A12.2 are required for transcription termination by Pol I and Pol 
III (Chedin, et al., 1998; Prescott, et al., 2004), and the termination mechanism 
likely resembles that of archaeal polymerase (Spitalny and Thomm, 2008), but 
is different in Pol II. Forth, the A12.2 and C11 C-ribbon domains may be able to 
swing between surface and pore locations, because some density for the 
A12.2 C-ribbon was observed near the lobe in a Pol I EM reconstruction (Kuhn, 
et al., 2007), and because the strong Pol III cleavage can be even further 
enhanced by a mutation of the largest subunit that is predicted to disrupt a salt 
bridge between the Pol III counterpart of Rpb1 residue D781 in the funnel 
domain F-loop and the C11 residue R88 (corresponding to Rpb9 R91) 
(Thuillier, et al., 1996). It remains to be confirmed that A12.2 uses the same 
mechanism as C11. Unfortunately, replacing the Rpb9 C-ribbon with the A12.2 
C-ribbon did not confer strong cleavage to Pol II (not shown), likely because 
Pol I has diverged much more from Pol II than Pol III. 
These results unveil the exceptional nature of Pol II, in contrast to Pol I, Pol III, 
and the archaeal polymerase, with respect to RNA cleavage. In the Pol II 
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system, implementation of allosteric and direct cleavage stimulatory modes on 
two different proteins may have enabled new mechanisms of transcription 
regulation such as regulation by release of promoter-proximally stalled Pol II 
(Adelman, et al., 2005; Cheung and Cramer, 2010; Nechaev, et al., 2010; 
Palangat, et al., 2005). It may also have prevented premature Pol II 
termination at sites that would terminate Pol III, and may have enabled 
elaborate 3’-end processing of Pol II transcripts. The weak intrinsic cleavage 
activity of Pol II may however suffice for proofreading after ubiquitous 
misincorporation events. 
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4. Conclusions and Outlook 
Work of this thesis elucidates an important problem in the enzymatic action of 
eukaryotic RNA polymerases, namely the difference in the intrinsic transcript 
cleavage activity of the eukaryotic RNA Pol II with Pol I and Pol III. Given that 
the three polymerases have similar components, why is intrinsic cleavage slow 
and essentially factor-dependent uniquely for Pol II? Previous work indicated 
that this difference may lie in the A12.2/Rbp9/C11 subunits. I created a large 
collection of hybrid molecules between these two subunits, primarily between 
the N-terminus of Rpb9 and the C-terminal ribbon domain of C11; many new 
Rpb9-C11 fusions were then made Pol II efficient in transcript cleavage, 
comparable to the normal enzyme with TFIIS. Structural data indicated that in 
Pol II with the stimulating-active Rpb9-C11-1 chimeric protein, the C11 
segment was not located over the jaw as with intact Rpb9, indicating that the 
C-terminal segment in the fusion subunits was directly accessing the active 
site, as is the case with TFIIS and its highly flexibility which is required for the 
function. Cleavage results with many variants of the fusion subunit fully 
support the model. 
In future, some experiments can still be tried to further confirm this model. First, 
this model suggests that C11 C-ribbon passes through the pore, arriving at the 
active center. Therefore, any block on this way will impede its stimulatory 
function. This aim can be achieved by using α-amanitin, which is a toxin that 
binds to a pocket formed by F-loop and funnel, and sits in the secondary 
channel (Brueckner and Cramer, 2008). Published data prove that α-amanitin 
slows but does not stop the intrinsic cleavage of Pol II, in contrast, it 
completely blocks the TFIIS-stimulated cleavage, which apparently because 
TFIIS can’t reach the active center(Izban and Luse, 1992; Rudd and Luse, 
1996; Weilbaecher, et al., 2003). Therefore, α-amanitin is an excellent 
candidate for directly pointing out the pathway of C11 stimulated cleavage.  
Second, crosslinking technique can also directly indicate the mechanism, 
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although photochemical RNA-protein crosslinking using 5-[N’-(p-azidobenzoyl) 
-3-aminoally]UTP(ABUTP) incorporated at 3’ end of RNA failed, since C11 was 
found to strongly bind to free-RNA and caused high non-specific background 
(Kassavetis, et al., 2010). However, site-specific protein-protein crosslinking 
can be used instead. By using Mg-absent buffer and mismatched transcript 
substrate, it might induce C11 to bind the pore more frequently which can then 
be crosslinked to specific positions, which can then be identified by MS. 
This work also indicated that Rpb9 contributed to the intrinsic cleavage. But 
how it works allosterically is unknown. The trigger loop is a potential target for 
its stimulatory function, and the negative effect of α-amanitin might also 
suggest a contribution of the trigger loop which is trapped by α-amanitin 
through just His1085 (Brueckner and Cramer, 2008), that is therefore 
consistent with the observation that intrinsic cleavage can be slowed but not 
inhibited. But since Rpb9 doesn’t have direct interactions with trigger loop, how 
does it affect it? Are there any other targets? This could be an important and 
interesting project. The answer might be achieved by making Rpb9 variants 
and test the intrinsic cleavage activity. Once an interesting mutant is found, 
mutations in trigger loop, funnel, or F-loop (see discussion) which can interact 
with trigger loop, can be further studied to investigate the allosteric pathway. 
Crystallography can also be done jointly. 
This work also pointed out an evolutionary connection between TFS and 
A12.2/Rpb9/C11, and suggested that TFS N-ribbon binds to the jaw/lobe, and 
C-ribbon goes to the pore. Since in vitro reconstitution of fully recombinant 
archaeal polymerases have been developed (Naji, et al., 2007; Werner and 
Weinzierl, 2002), it would be convenient to find out the interaction sites 
between TFS N-terminus and archaeal polymerase. Thus this would be 
another promising project related to this thesis. 
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5. Experiment procedures 
 
5.1  Isolation of yeast genomic DNA 
5.1.1  Buffers 
Breaking buffer 
2% TritonX-100 
1% SDS 
100mM NaCl 
10mM Tris-HCl pH8.0 
1mM EDTA pH8.0 
PCI(4˚C) 
Phenol:Chloroform:Isoamylalkohol   25:24:1 
RNase A stock 
10mg/ml in H2O, boil for 5min at 100˚C 
 
5.1.2  Isolation of yeast genomic DNA procedure 
Collect 10ml overnight yeast culture. Pellet cells by centrifugation at 4000rpm, 
RT for 5 minutes. Resuspend pellets in 0.5ml H2O, transfer to a safe lock tube. 
Centrifuge for 5sec. at 14000rpm and remove the supernatant. Add 200μl 
breaking buffer to the pellet, resuspend then add 0.3g Glass beads and 200μl 
PCI. Strong vortex for 3~4min in cold room. Add 400μl TE, shortly vortex. 
Centrifuge at 14000rpm for 5min. Transfer aqueous phase to a new tube, and 
add 1ml 96% EtOH followed by centrifugation at 14000rpm for 3min. Remove 
all the supernatant by quick spin. Then dry the pellet at 37˚C for 3min. Then 
resuspend the pellet in 200μl H2O or 10mM Tris. For RNase digestion, 7μl 
RNase A was added and incubated at 37˚C for 15min. Mix by inverting after 
adding 20μl 3M NaAC and 500μl 96% EtOH. Centrifuge at 14000rpm for 3min 
and remove the supernatant. Dry the pellet at 37˚C for 3min. Finally, 
resuspend pellet in 50μl H2O. 
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5.2  Cloning, Expression and purification of cleavage factors 
 
5.2.1  Design and cloning of different cleavage factor variants 
Fragments containing wild-type Rpb9 coding regions or C11 coding 
regions were amplified by PCR using yeast genomic DNA as a template. 
Fusion proteins were constructed with two-step PCR. The first PCR reaction 
generated two fragments, one fragment containing the N-terminal sequence of 
Rpb9 and a short sequence of C-terminal C11, and a second fragment 
containing the C-terminal sequence of C11 and the N-terminal part of Rpb9. 
These fragments were used as templates in the second PCR reaction that 
produced the coding region for the fusion protein containing the required 
mutations, as well as NdeI and XhoI restriction sites at the 5’- and 3’-terminus, 
respectively. The same strategy was used for other fusion proteins. Each PCR 
product was digested with restriction endonucleases and inserted into the pET 
28b(+) expression vector (Novagen) to generate a fusion protein with an 
N-terminal hexahistidine tag. All plasmids were verified by sequencing. 
 
5.2.2  Expression and purification of eukaryotic cleavage factor 
variants 
 
5.2.2.1  Buffers 
PBS buffer  
8 g NaCl 
0.2 g KCl 
1.44 g Na2HPO4 
0.24 g KH2PO4  
Adjust the pH to 7.4 with HCl. Add H2O to 1 liter 
Purification buffer 
50 mM Hepes-Na, pH 7.5 
10 μM ZnCl2 
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10% glycerol 
Transcription buffer 
20 mM Hepes-Na, pH 7.6  
60 mM (NH4)2SO4 
8 mM MgCl2  
10 μM ZnCl2 
10% glycerol 
10 mM DTT 
 
5.2.2.2  Expression and purification procedures 
About 12ml overnight preculture was added to fresh LB medium 
supplemented with antibiotics and shaken at 37˚C in 140rpm until the culture 
reached log phase (OD 0.6-0.8). After cooling the E.coli suspension on ice, 
isopropyl-1-thio-β-D-galactopyranoside (IPTG) was added to a final 
concentration of 40μM. Cells were grown over night at 18˚C, 140rpm. Then 
collect cells by centrifugation at 4˚C for 15min in 5000rpm (SLS6000 rotor). 
Cells were sonicated in PBS buffer containing 10 μM ZnCl2. All 
subsequent steps were performed at 4°C. The supernatant of the resulting 
crude extract was collected by centrifugation at 16,000rpm for 15min and 
applied to a 1 ml Histrap column (GE Healthcare), charged with 100 mM NiSO4 
and equilibrated in purification buffer containing 100 mM NaCl. The column 
was washed with 10 column volumes of purification buffer containing 2 M NaCl 
and 40 mM imidazole followed by another 10 column volumes of purification 
buffer containing 100 mM NaCl and 100 mM imidazole. The fusion protein was 
eluted from the column with purification buffer containing 100 mM NaCl and 
300 mM imidazole. The eluate was concentrated and further purified on a gel 
filtration column (Superdex 75, GE Healthcare), equilibrated with transcription 
buffer and stored at -80°C. The final preparation for each protein had a protein 
concentration between 0.2 and 0.5 mg/ml. 
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5.2.2  Expression and purification of archaeal cleavage factor 
variants 
Expression of archaeal cleavage factor variants (TFS/TFS-AA) was the same 
as the procedure for eukaryotic cleavage factors. Cells were collected by 
centrifugation at 4˚C for 15min in 5000rpm (SLS6000 rotor). 
Cells were sonicated in PBS buffer containing 10 μM ZnCl2. The supernatant 
of the resulting crude extract was collected by centrifugation at 16,000rpm for 
15min. Then heat treatment was performed for 20min at 90°C. After 
ultracentrifugation for 1h at 30,000rpm, the proteins remained in the 
supernatant and were applied to a 1 ml Histrap column (GE Healthcare).  All 
subsequent purification steps were as above and performed at 4°C.The final 
preparation for each protein had a protein concentration between 0.2 and 0.5 
mg/ml. 
 
5.3  Assembly of transcription elongation complexes  
Pol II Δ9 was provided by Elisabeth Lehmann. It was created from strain 
BJ5464 Rpb3 His-Bio (Cheung and Cramer, 2010; Kireeva, et al., 2000) by 
homologous recombination. The natNT2 cassette was amplified by 
polymerase chain reaction (PCR) from pFA6a-natNT2 (Janke, et al., 2004) and 
was used to replace the RPB9 ORF. The gene replacement was verified by 
PCR. Core pol IIΔ9 were purified essentially as described (Sydow, et al., 2009). 
Recombinant Pol II subcomplex Rpb 4/7 was purified essentially as described 
(Armache, et al., 2005). 
Purification of Pyrococcus furiosus RNA polymerase will be described in 
Chapter III. 
Assembly procedure for in vitro bead-based assays as described 
(Komissarova, et al., 2003) was also shown in figure 9. First, equal molar 
amounts of template DNA and RNA whose 5’ was labeled by fluorescence 
FAM group were mixed in RNase-free TE buffer. The oligonucleotides were 
annealed by heating to 95°C for 2 minutes and slowly cooling to room 
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temperature. Then 5 picomol of core Pol IIΔ9 was incubated with a two-fold 
molar excess of the annealed hybrid in transcription buffer for 15 minutes at 
20°C shaking in 350rpm. A four-fold molar excess of non-template DNA, 
containing Biotin at the 5’ end, was added and the mixture was incubated for 
10 minutes at 25°C shaking in 350rpm. Then 5-fold molar excess purified 
recombinant Rpb4/7 was added and incubated for 10 min at 25°C shaking in 
350rpm. 
 
5.4  Transcription cleavage assay  
 
5.4.1  Buffers 
Beads breaking buffer 
50 mM Tris-HCl, pH 8.0 
150 mM NaCl 
0.1% TritonX-100 
5% Glycerol 
0.5 mM DTT 
Beads blocking buffer 
50 mM Tris-HCl, pH 8.0 
150 mM NaCl 
2 mM EDTA pH 8.0 
0.1% TritonX-100 
5% Glycerol 
0.5% BSA 
200 μl/ml Insulin 
0.1 mg/ml heparin 
0.5 mM DTT 
5.4.2  Transcription cleavage assay procedures 
The bead-based cleavage assay was carried out as described shown in figure 
9 (Dengl and Cramer, 2009; Sydow, et al., 2009). Streptavidin-coated 
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magnetic beads (Dyna-beads MyOne Streptavidin T1, Invitrogen) were 
washed twice with beads breaking buffer. Then incubate in 500μl beads 
blocking buffer overnight at 4˚C. Before the assay, wash twice again with 
transcription buffer containing 0.1% TritonX-100 and resuspend the beads in 
the original volume(20μl beads per reaction). The beads were added to 
assembled transcription elongation complexes followed by incubation for 
30min at 25˚C shaking in 550rpm. Unbound complexes were removed by three 
steps washing with transcription buffer containing 0.1% TritonX-100, 200mM 
Ammonium sulfate and only transcription buffer respectively (figure 9). Beads 
were resuspended in transcription buffer and 5-fold molar excess purified 
recombinant proteins were added followed by incubation at 28°C shaking in 
550rpm. For assays with Pyrococcus furiosus RNA polymerase, purified TFS 
and its variants (5-fold molar excess) were added to the reaction mixture 
followed by incubation at 70°C for 10 min. The reactions were stopped by 
adding an equal volume of 100 mM EDTA. Samples were loaded on a 20% 
polyacrylamid gel containing 7 M Urea. The FAM 5’-labeled RNA products 
were visualized with a Typhoon 9400 scanner (GE Healthcare). All gel bands 
were quantified using ImageQuant7 (GE Healthcare). 
 
5.5   Crystallization and structure determination 
 
5.5.1  TCA precipitation 
TCA precipitate samples by adding 100% TCA to protein solution to reach a 
final concentration of 15%. Then mix well and incubate from 30 min to several 
hours on ice. Centrifuge for 1 hour in 13,000rpm at 4˚C. After carefully 
removing and discarding the supernatant, wash the pellet by 1ml ice cold 
acetone. Then centrifuge again for 5min and discard supernatant. Let the 
pellets dry in a fume hood for 1 hour. Add 1X SDS-PAGE loading Buffer. If 
there is still some acid left in the precipitate, it turns yellow since loading buffer 
contains bromphenol blue. Neutralize the sample with NH3.  
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5.5.2  Assembly of 11-subunit RNAP and cleavage factors and 
crystallization 
 
5.5.2.1  Buffer 
Pol II buffer 
5 mM HEPES-Na, pH 7.25  
40 mM (NH4)2SO4  
10 μM ZnCl2  
5 mM DTT 
 
5.5.2.2  Assembly and analysis procedures 
To investigate whether the recombinant Rpb9 and variants can still bind tightly 
to Pol IIΔ9, 50μg purified core Pol IIΔ9 was incubated with 5-fold molar excess 
Rpb9 or variants and Rpb4/7 for 30min at 20°C. Then assembled polymerase 
was loaded onto a gel filtration column equilibrated with Pol II buffer (Superose 
6, GE Healthcare). Collect fractions from peaks and perform TCA precipitation. 
Denaturing gel electrophoresis was adapted to separate complex proteins. 
Both discontinuous Laemmli system and NuPAGE® Bis-Tris system 
(Invitrogen) were used for analysis. Protein samples were totally unfolded by 
adding β-mercaptoethanol to the loading dye. Gels were then stained with 
Coomassie (SIGMA) solution. While Rpb9 showed tight binding to Pol IIΔ9 and 
formed a complete 12-subunit complex, Rpb9 variants bound weakly and 
separated during gel filtration (see results). 
 
5.5.2.3  Crystallization of Pol IIΔ9 and variant Rpb9-C11-1 
Pol IIΔ9 was incubated with 5-fold molar excess of recombinant Rpb4/7 for 20 
min at 20°C. The complex was purified on a Superose 6 gel filtration column 
(GE Healthcare), which was equilibrated with pol II buffer to generate the 
11-subunit Pol IIΔ9. For buffer exchange, a single gel filtration run was 
performed with Rpb9-C11-1. Equal molar amounts of 11-subunit Pol IIΔ9 and 
Chapter II: Evolution of two modes of intrinsic RNA polymerase transcript cleavage 55
Rpb9-C11-1 were mixed and incubated for 30 min at 20°C. After centrifugation 
the final protein mixture had a concentration of 4.5 mg/ml. Crystals were grown 
at 20°C using the hanging drop vapor diffusion method by mixing 2.5 μl of the 
protein mixture solution with 1 μl of reservoir solution (50 mM Hepes, pH 7.0, 
200 mM NH4Ac, 300 mM NaAc, 5-6% w/v PEG6000, 5 mM TCEP). Crystals 
grew to a maximum size ≈0.1× 0.1× 0.1 mm3. For cryo-protection, crystals 
were transferred stepwise over 5h to the reservoir solution containing 
additionally 0-22% (v/v) glycerol. After incubation at 8°C for 24h in the 
presence of cryo-protectant, crystals were flash-cooled by plunging them into 
liquid nitrogen. 
 
5.5.3  Structure determination  
Diffraction data were collected as consecutive series of 0.25° rotation images 
at cryo-temperature at the beamline X06SA at the Swiss Light Source. 
Diffraction data were processed with XDS and scaled with XSCALE (Kabsch, 
1988). The structure was solved by molecular replacement with PHASER 
(McCoy, et al., 2005) using the structure of the 12-subunit Pol II (PDB code 
3HOU, (Sydow, et al., 2009)) with Rpb9 omitted as a search model. The 
structure was refined with PHENIX (Afonine, et al., 2005), using additional 
hydrogen-bond distance restraints for secondary structure elements (Kostrewa, 
et al., 2009), against the observed data that were sharpened with a B-factor of 
-80 Å2. 
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Chapter III: Structural study of archaeal transcription 
pre-initiation complex (PIC)  (unpublished) 
1.  Introduction 
1.1  Transcription initiation in eukarya 
Eukaryotic transcription initiation on protein-coding genes is a rather 
complicated event compared to bacteria. It requires not only polymerase itself, 
but also many cofactors. Several elements in DNA are recognized by these 
proteins and allow transcription initiation and its regulation. An central element 
is called core promoter, which provides a platform for assembly of a group of 
general transcription factors(GTF) as well as RNA polymerase. This huge 
complex is the preinitiation complex, which has the intrinsic ability to accurately 
transcribe through core promoter and allows basal transcription on naked DNA 
in vitro. However, a remarkable feature of eukarya is that basal transcription 
machinery always acts in conjunction with diverse cofactors, regulating the 
expression of different genes. These cofactors either modify chromatin 
structure, or directly regulate formation or function of the preinitiation complex, 
positively, or negatively (Li, et al., 2007; Roeder, 2005; Sikorski and Buratowski, 
2009). 
 
Figure 21. Eukaryotic core promoter motifs. Consensus sequences are shown for each 
elements. The DPE consensus was determined with Drosophila. This diagram depicts 
some elements that can contribute to basal transcription from a core promoter. A 
particular core promoter may contain some, all, or none of these elements. Adapted 
from (Smale and Kadonaga, 2003) 
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Core promoter contains variant elements (Smale and Kadonaga, 2003) (figure 
21). The first identified element is the TATA box, an A/T rich sequence which is 
25-30bp upstream of the transcription start site. TATA box has a consensus 
sequence TATA(A/T)AA(G/A) and can be recognized by TATA-binding 
protein(TBP), a subunit of TFIID. TBP-TATA structure reveals that two 
quasi-symmetrical domains fold like a saddle, sitting in the minor groove of the 
duplex DNA through hydrophobic interactions(Nikolov, et al., 1996). TBP also 
induces kinks on DNA and partially unwinds the duplex through the insertion of 
Phe residues. The second element is the transcription start site (Ihr), most 
containing an A at the start site (+1) and a C at the -1 position within a 
consensus sequence PyPyAN(T/A)PyPy. Inr is recognized by 
TATA-associated-factor (TAF) 1 and TAF2 which are also subunits of TFIID. 
The third element is the downstream promoter element (DPE) which locates at 
+28 to +32 downstream of the start site. DPE is required for TATA-less 
promoters and acts in conjunction with Inr. Similarly, DPE is also recognized by 
TAF6 and TAF9 of TFIID. The forth element is TFIIB-recognize-element (BRE). 
Structure of TFIIS-TBP-TATA complex reveals that TFIIB interacts with a major 
groove upstream of TATA box and a minor groove downstream of the TATA 
box(Nikolov, et al., 1995). Other elements include proximal sequence element 
(PSE) (for snRNA trasncription), downstream core element (DCE), motif ten 
element (MTE), also contribute to the core promoter activity such as promoter 
strength, efficiency of PIC assembly, or targeting regions for enhancer activity. 
GTFs contain TFIIA,IIB,IID,IIE,IIF, and IIH. TFIIE and TFIIH are essential for 
promoter melting and the transition from initiation to elongation. TFIIH also 
phosphorylates pol II CTD. After TFIID binds the core promoter, PIC begins to 
format either through a sequential pathway or via a preassembled pol II 
holoenzyme pathway. For the first one, the order is: TFIID first binds to the 
promoter, then TFIIA and TFIIB stabilize TFIID-DNA binding, and then 
preassembled pol II and TFIIF are recruited by TFIIB, and finally, TFIIE and 
TFIIH bind. The other pathway was discovered when purifying pol II. Pol II was 
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found to be purified as a preassembled holoenzyme containing pol II, a subset 
of GTFs, some components of multisubunit mediator such as SRB or Mediator, 
and other proteins involved in chromatin remodeling, DNA repair and mRNA 
processing(Chao, et al., 1996; Maldonado, et al., 1996; Ossipow, et al., 1995; 
Wilson, et al., 1996). Both pathways may exist in vivo (Thomas and Chiang, 
2006).  
Transcription cofactors include four classes: TAFs of TFIID, Mediator, 
upstream stimulatory activity (USA)-positive/negative cofactors, chromatin 
remodeling and histone modifying enzymes. TAFs act as coactivators bridging 
the gene-specific activator and basal transcription machinery. Mediator also 
transmits regulator signals. In yeast, Mediator is an at least 1MDa complex 
consisting of about 20 polypeptides with an extended shape which can be 
divided to three domains: head which binds pol II, middle, and tail which binds 
activators. Upon forming a complex with activators, these domains can be 
adapt to distinct conformation and the conformational shifts control PIC 
structure and function (Taatjes, 2010; Thomas and Chiang, 2006). USA 
includes positive factors: PC1-4 and a negative factor NC1. They have a dual 
role: in the presence of activators, as a coactivator, either through enhancing 
PIC assembly, or through interactions bridging activator and basal transcription 
machinery; in the absence of activators, as a repressor inhibiting basal 
transcription. Besides bridging function, another crucial mechanism for these 
three classes of cofactors is posttranslational modification on transcriptional 
components, such as phosphorylation, acetylation, glycosylation, ubiquination 
and poly(ADP-ribosyl)ation. Dependant on the targets and consequences of 
these activities, cofactors play different regulatory functions. Besides these 
PIC formation/function regulatory cofactors, activators also recruit the forth 
class cofactors: chromatin remodeling cofactors, such as Swi/Snf, RSC, 
modification cofactors such as HATs (Li, et al., 2007), since the chromatin 
structure is an obstacle to transcription. These cofactors either utilize 
ATP-hydrolysis or directly modify histones to alter histone-DNA interactions, 
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leading to histone eviction and making the nucleosomal DNA more accessible 
to GTFs.  
 
1.2  Transcription initiation in archaea 
1.2.1  Promoter architecture 
Cell-free systems, analyzing tRNA promoter of Methanococcus vannielii, rRNA 
promoter of Sulfolobus shibatae and GDH promoter of Pyrococcus furiosus 
have been used to identify archaeal promoter signals in vitro (Hain, et al., 1992; 
Hausner, et al., 1991; Hethke, et al., 1996; Reiter, et al., 1990). In vivo analysis 
on tRNA promoter of Haloferas volcanii was also reported (Palmer and Daniels, 
1995). Archaeal promoters contain several elements: two major elements, 
TATA-box and TFB recognition element (BRE) and another two 
less-understood elements: initiator element (IE) and promoter proximal 
element (PPE) (figure 22).  
 
 
Figure 22. Comparison of promoter elements from archaea, eukarya, bacteria. The 
promoter elements are shown aligned to the scale shown on the top. Inr is initiator 
element(IE). Adapted from(Soppa, 1999). 
 
TATA-box, also called box A, is an AT rich 8bp sequence, locating 
approximately 25nt upstream of the transcription start site, and is essential for 
transcription initiation. Deletions, or single point mutations in this region 
abolished or dramatically reduced initiation efficiency. TATA-box also strictly 
defines the start site to 22 to 27bp downstream. TATA box doesn’t have a strict 
sequence requirement, and its consensus sequences are different in archaeal 
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subsets (Soppa, 1999). BRE is a purine rich 7bp sequence upstream of the 
TATA box. BRE increases promoter strength by recruiting TFB to stabilize the 
interactions between TBP and promoter (Qureshi and Jackson, 1998), and 
defines the direction of transcription (Bell, Kosa, et al., 1999). Initiator element 
(IE) contains a pyrimidine-purine dinucleotide near the start site, with initiation 
at the purine, usually a G. As a special case, IE in S.shibatae viral T6 promoter 
contributes to the promoter strength and start site selection as well (Qureshi, 
2006). However, in other promoters, TATA box and BRE are the dominant 
elements. PPE comprises A/T rich sequences, locating around -10. Mutations 
in this region affected initiation at S.shibatae rRNA promoter, but it’s not clear 
which initiation functions were affected (Hain, et al., 1992). Generally, TATA 
box and BRE are the major promoter elements in archaea, determining the 
promoter activity and transcription orientation, while IE and PPE are only used 
in special subsets. 
 
1.2.2  Basic transcription initiation factors 
1.2.2.1 TBP 
Archaeal TATA-binding protein (TBP) recognizes TATA box and is a homolog of 
eukaryotic TBP. Most archaeal species have only one TBP while in 
Halobacterium NRC-1, six TBP homologs and seven TFB homologs are found 
by genome sequencing (Baliga, et al., 2000). Structures of TBP reveal a 
similar conformation with eukaryotic TBP (DeDecker, et al., 1996; Kosa, et al., 
1997; Littlefield, et al., 1999) (figure 23). A conserved core contains a direct 
repeat sequence, with 36%-41% similarity to eukaryotic TBP, but forming a 
more symmetrical saddle shape conformation. The N-terminus extends by four 
to five residues, and the C-terminus has a highly acidic tail in some archaeal 
species. TBP binds to the minor groove of TATA box, inducing a distortion of 
DNA about 65˚. Two pairs Phe also penetrate between the first two and last 
two base pairs, inducing two kinks at either end of TATA element. Most 
hydrophobic interactions are preserved between archaeal TBP and TATA box. 
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However, eukaryotic TBP forms many salt bridges, water-mediated hydrogen 
bonds with backbone atoms while in archaea these interactions are replaced 
by van der Waals contacts with the sugar, which explains high stability of 
archaeal complex in elevated salt concentration and temperature (DeDecker, 
et al., 1996; Kim, et al., 1993). 
 
Figure 23. Crystal structure of TBP-TFBC-DNA containing TATA box-BRE ternary 
complex. Non-template DNA is colored in cyan and template DNA in blue. TATA element 
is colored in yellow. TBP is shown as ribbon colored in pink and red for N-, C-terminal 
domain respectively. TFBC is shown as ribbon colored in dark green and light green for 
N-, C-terminal domain respectively. PDB code is 1D3U. 
 
1.2.2.2 TFB 
The BRE element recognizing factor is TFB, which can be divided into two 
regions: N-terminal region containing a zinc ribbon motif, a conserved B-finger 
motif with a linker following; C-terminal direct repeats forming a globular 
domain. TFBN is required for RNAP recruitment and NMR structure of the zinc 
ribbon is solved (Zhu, et al., 1996). Photocrosslinking shows that TFB interacts 
from BRE to transcription start site, and since TFBC binds only around TATA 
box, the downstream interactions which exist or strengthen when RNAP is in 
the complex, are predicted to be from TFBN (Renfrow, et al., 2004). Although 
TFB is shown to have weak interactions with subunit K (Rpb6 in pol II), 
reconstituted RNAP lacking K is functional in factor-dependent transcription 
initiation. EMSA shows that outside surface of BDLNP subcomplex has the 
important interaction site of TFB, and different from TFIIB, archaeal dock 
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domain is not essential for TFB binding (Goede, et al., 2006; Werner and 
Weinzierl, 2005). However, unlike pol II whose recruitment to TFIIB is 
facilitated by TFIIF, archaeal pol has only TFB. Thus it’s a difficult and 
interesting question that how TFB efficiently recruits archaeal pol. B-finger 
motif is indicated to be important to the late stages of initiation, probably during 
promoter clearance(Bell and Jackson, 2000). The structure of the 
TFBC-TBP-DNA complex is available (Littlefield, et al., 1999) (figure 23). The 
structure reveals that TFBC binds the major groove of the BRE element 
sequence-specifically through a C-end HTH motif, C-terminal TBP, and also 
nonspecifically binds the minor groove downstream of TATA box, therefore this 
asymmetric contact determines the direction of transcription (Bell, Kosa, et al., 
1999). The structure of the TFB homolog in eukarya, TFIIB complexed with pol 
II is solved recently (Kostrewa, et al., 2009). It indicates that the C-terminal 
globular domain binds the pol II “wall”; DNA is opened with the help of the 
linker after B-finger motif; B-finger approaches the active center and helps 
scan the transcription start site (figure 24). 
 
1.2.2.3 TFE 
TFE is the third basal archaeal transcription factor. Different from eukaryotic 
TFIIE which is a heterotetramer formed by two subunits, α and β, archaeal 
TFE contains a homolog of only the N-terminal half of TFIIE subunit α, having 
a N-terminal helix-turn-helix motif within a Leu rich region, and a C-terminal 
zinc finger which is essential for the function (Hanzelka, et al., 2001). Archaeal 
TFE is not strictly essential for transcription initiation in vitro, but stimulates 
transcription activity by 2-3 fold on weak promoters, through increasing the 
sub-optimal interactions between TBP and TATA box (Bell, et al., 2001). TFE 
also stabilizes open promoter formation through binding to the non-template 
strand upstream of the open bubble, in a manner dependent on subunit E’/F 
(Grunberg, et al., 2007; Micorescu, et al., 2008; Ouhammouch, et al., 2004). 
Structure of TFE N-terminal winged helix-turn-helix has been solved, revealing 
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a basic and aromatic wing which may play a functional role, and two 
hydrophobic patches which may serve as protein interaction sites (Meinhart, et 
al., 2003). Although the localization of TFE on archaeal pol is not clear, 
photocrosslinking and hydroxyl-radical cleavage assay indicate that its 
eukaryotic homolog TFIIE positions near Rpb1 clamp domain (Chen, et al., 
2007), which is consistent with the result that N-terminal TFE is crosslinked to 
the non-template DNA at position -9 to -11 (Grunberg, et al., 2007)(figure 24). 
Further structural study is required to reveal the accurate position of TFE and 
the interactions with archaeal polymerase. 
 
 
Figure 24. Archaeal PIC components. Promoter DNA is colored as cyan. Positions of 
general transcription factors are represented as ellipses. Adapted from (Jun, et al., 
2011). 
 
 
1.2.3  Transcription initiation regulation  
Except TBP, TFB and TFE, archaeal genomes don’t have homologs of any 
other eukaryotic general initiation factors. During the initiation phase, TBP 
nucleates the formation of TBP-TFB-DNA ternary complex, and in some cases 
TFE is also included. Then, N-terminal TFB recruits and correctly positions 
RNAP, which can be facilitated by TFE. With the contribution of TFB-B-linker 
region, E’ subunit and TFE, DNA duplex is melted from approximately -10 to +3, 
and the template strand slides into the DNA binding channel and the active site. 
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Subsequently, TFB B-finger and RNAP scan for the correct initiation sites, and 
transcription initiates. 
Although archaeal transcription machinery resembles that of eukarya, 
transcription regulation utilizes pathways in both bacteria and eukarya.  
Bacteria-pathway is the main regulation in archaea. Most archaeal genomes 
contain homologs of bacterial regulatory protein, who negatively regulate 
through competitively binding to the promoter and preventing the recruitment 
of initiation factors or RNAP; who can also positively regulate through 
facilitating the PIC formation. For example, metal-dependent repressor (MDR1) 
and Lrp A bind overlapping the start site, thus blocking the RNAP recruitment 
(Bell, Cairns, et al., 1999; Dahlke and Thomm, 2002); Lrp14, who binds the 
TATA/BRE region, inhibits the formation of TBP-TFB-DNA ternary complex 
(Bell and Jackson, 2000). Activators bind upstream or downstream of the 
promoter region (Ouhammouch, 2004). 
Like eukarya, archaea do have histones in Euryarchaea and some nucleoid 
DNA-binding protein. Archaeal histones don’t have N-tails which are the 
targets of histone modification, and archaeal genomes don’t encode histone 
modification/modeling machinery as well. However, archaeal histones can 
form both heterodimers and homodimers, which have different affinity to DNA 
sequences. Therefore, regulating the combination of histone proteins could 
control the accessibility of initiation factors to promoters (Reeve, 2003). 
Additionally, a positively charged nucleoid protein Alba (Acetylation lowers 
binding affinity) binding minor grooves of DNA can be (de)acetylated, and it 
may resemble the origin of the eukaryotic histone (Reeve, 2003). 
Another pathway utilizes the multiplicity of initiation factors. Many archaeal 
genomes encodes at least two TBPs or TFBs, some of which have more 
(Baliga, et al., 2000). Like bacteria which use different σ factors for recognizing 
different promoters, this multiplicity may also regulate transcription under 
certain conditions. 
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1.3  Aim of this study 
 
Regulation of gene expression happens at many stages from transcription 
initiation to protein degradation. Transcription initiation is an important step for 
regulation. Elucidation of the structure of the initiation machinery becomes 
crucial to understand its regulation. In eukarya, transcription initiation involves 
basal transcription machinery which contains a series of initiation factors. 
Because of the complexity, it is difficult to investigate the eukaryotic initiation 
mechanism. Archaea possesses a rather similar RNA polymerase as eukarya, 
and is also thought to mandate a similar initiation mechanism (Bell and 
Jackson, 1998). Because archaeal preinitiation complex contains mainly just 
two factors, TBP and TFB, studies on archaeal PIC will provide a wealth of 
data on the mechanism of initiation. The aim of this work is to determine the 
structure of Pyrococcus furiosus transcription preinitiation complex (PIC) by 
crystallography. Previous work obtained needle shaped PIC crystals with bad 
diffraction (9 to 10 Å). EM revealed very weak density at proposed regions of 
TBP and TFB indicating their high flexibility in PIC. Therefore, this work 
attempts to improve the stability of PIC complex and facilitate crystallization. 
New crystals having hexagonal shape were achieved by utilizing initiation 
factor variants, changing nucleic acid substrate and crystallization conditions. 
However, they diffracted similar as before indicating that there are still quite 
flexible and not well ordered. 
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2.  Results 
 
2.1  Assembly of archaeal PIC 
In this work, I used PIC from Pyrococcus furiosus. Endogenous P.fu 
polymerase was purified from P.fu cells. Recombinant TFB, TBP and their 
variants were expressed and purified from E.coli. The overall purification and 
assembly scheme of the various subunits is summarized in figure 25. P.fu 
RNAP was purified by four different chromatography steps: a weak 
cation-exchange column (Biorex70), an affinity column (Heparin), a strong 
anion-exchange column (MonoQ), and a size-exclusion column (Superose 6). 
Yield of purified endogenous P.fu RNAP was 0.05~0.1mg protein/g cells. 
Recombinant initiation factors were overexpressed as fusion proteins carrying 
a His6 tag at the N-terminus and were purified by Ni-affinity chromatography. 
Thrombin was used to cleave N-terminal his-tag to maintain more natural 
interactions with RNAP after assembly. A second Ni-affinity chromatography 
and subsequent size-exclusion chromatography removed uncleaved factors 
and other contaminants. Properties of the P.fu RNAP subunits and initiation 
factors are listed in Table 3. RNA polymerase, nucleic acids substrate, initiation 
factors were assembled with molar radio 1:2:4. TBP who recognizes TATA box 
was added first, then TFB who interacts with TBP and BRE was added 
subsequently, because without TBP, TFB can’t form a complex with DNA(Bell 
and Jackson, 2000). Purified RNAP, whose recruitment requires TFB, was 
then added. After incubation, proteins were heated in 60˚C to activate the PIC 
complex and form an open transcription bubble. After gel filtration, excess of 
initiation factors and nucleic acid substrates are removed. 
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Table 3. Properties of the ORFs that encode P.fu RNAP subunits and initiation factors. 
 
RNAP SU Protein length (amino acids) Protein mass (kDa) pI 
B 1117 127.0 6.7 
A’ 910 103.4 6.8 
A” 397 44.4 5.8 
D 261 29.8 4.7 
E’ 189 21.7 7.7 
F 120 14.1 4.6 
L 95 11.1 5.1 
H 82 9.2 9.7 
N 70 8.2 6.5 
K 57 6.2 10.3 
P 49 5.8 10.7 
    
TFs    
TBP 191 21.3 5.0 
TFB 300 34.1 9.5 
 
Figure 25. A. A schematic representation of P.fu polymerase and transcription factors 
purification. B. SDS-PAGE of commassie stained RNAP. Subunits were confirmed by 
MALDI-TOF. Right panel shows schematic representation of the assembly experiment.  
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2.2  A tailed scaffold with RNA improves formation of single crystals  
RNA is proved to form a hybrid with DNA and induce the ordering of several 
flexible regions of polymerase and formation of a highly stable complex 
(Cramer, et al., 2001; Gnatt, et al., 2001). In order to get a more stable 
complex with consistent conformation, I attempted to induct RNA to the PIC. In 
the elongation complex, the ordered RNA was observed as 9 bases (Gnatt, et 
al., 2001). Biochemical results demonstrates that 8 bp DNA-RNA hybrid is 
necessary for forming a stable pol II elongation complex (Kireeva, et al., 2000). 
Therefore, 8 bases RNA were designed complementary to DNA from -7 to +1. 
Once 8 bp hybrid forms, it was shown to clash with the B-finger of TFIIB, and 
trigger the release of TFIIB from pol II, which contributes to the promoter 
escape (Bushnell, et al., 2004). Thus corresponding B-finger of P.fu TFB was 
truncated from residue 43 to 62 in this work (figure 26). Non-template DNA is 
mobile and can’t observed in the pol II elongation structure (Kettenberger, et 
al., 2004). Therefore, in designed “tail” scaffold, the non-template DNA was 
also truncated (figure 27).  
 
 
Figure 26. P.fu TBP domain organization and sequence alignment in the B-finger region 
from P.furiosus, S.cerevisiae and H.sapiens. Yellow highlighting indicates conserved 
residues. 
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Figure 27. Sequences of P.fu GDH promoter and scaffolds used for assembly. TATA-box 
is underlined and BRE is indicated by bold italic type. Transcription start site is 
indicated by +1. RNA complementary to DNA from -7 to +1 is colored in red. 
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Figure 28. A. Size-exclusion chromatography profile of assembled PIC complex. B. 
SDS-PAGE analysis shown PIC components: TBP, TFB-Δfinger, RNAP. C. PIC Crystals. 
D. Diffraction pattern of PIC crystals. 
 
After annealing, RNA-DNA substrate was assembled with TFB-Δfinger, TBPwt 
forming an artificial PIC (figure 28). PIC complexes with different substrates 
(natural closed, bubble, fork, tail) were purified and concentrated to 4 mg/ml, 
then were screened using commercial conditions including Nextal Classic, 
MPD, Anions and Cations Suite (Qiagen), Hampton Index, Natrix, PEG/Ion 
screens (Hampton Research), Jena JBScreen classic HTS 1 and 2 (Jena 
Bioscience) performed with Hydra II semi-automatic protein crystallization 
robot (Matrix Technologies Apogent Discoveries) and polymerase screens 
from which pol II crystals were achieved successfully, performed manually. 
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However, using commercial conditions, only a few conditions yielded 
microcrystals which can’t be optimized manually. Using polymerase screens, 
PIC only with the “tail” type scaffold achieved nice single crystals (figure 28). 
Using “tail” 6 and 7 with incomplete BRE, no crystal could be obtained, 
indicating the importance of keeping interactions between BRE and TFB. “Tail” 
5 led to the best crystals which might be because of additional contacts 
between the extended downstream template DNA and the polymerase. 
However, although the morphology of these crystals changed dramatically and 
looked promising, they were quite small (maximum size ≈100μmx100μmx 
100μm) and still diffracted badly (figure 28), indicating that the molecules were 
still not well organized in the crystals. 
 
2.3  Truncation of the acidic C-terminus of TBP to improve crystals  
Since P.fu polymerase alone didn’t yield any crystals, other components in the 
PIC such as TBP/TFB/nucleic acids, must be involved for the crystal packing. 
Thus slight alteration of these components may dramatically affect the packing 
of molecules. As mentioned in the introduction, P.fu TBP contains a highly 
mobile C-terminal acidic tail formed by six continuous Glu and several Leu, 
which is conserved in most archaeal TBP but absent in eukaryotic TBP 
(DeDecker, et al., 1996) (figure 29). Since DNA is negatively charged, this 
mobile tail may affect the conformation of nucleic acids which leads to 
conformational heterogeneity in the crystal. Indeed, it’s demonstrated that for 
TBP-TFB-DNA ternary complex, truncation of this tail is crucial for the high 
quality of crystals (Kosa, et al., 1997; Littlefield, et al., 1999). Therefore, I 
attempted to reduce this potential impact by truncating the TBP acidic tail as 
well. Assembly using TBP-Δtail which removed residues 182-191, TFB-Δfinger, 
RNAP, DNA-RNA leaded to nice chromatography profile and crystals with 
similar morphology (figure 30). However, although the spots became clearer, 
the resolution is still very low.  
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Figure 29. Sequences alignment of archaeal TBPs from Pyrococcus furiosus, 
Thermococcus celer; Sulfolobus acidocaldarius. Numbering and secondary structure 
(S = beta sheet, H = alpha helix) labeled according to the P.woesei TBP structure 
(DeDecker, et al., 1996). Conserved C-terminal acidic tails are boxed in orange. 
 
 
Figure 30. A. Size-exclusion chromatography profile of assembled PIC complex. B. 
SDS-PAGE analysis showed modified PIC components: TBP-Δtail, TFB-Δfinger, RNAP. 
C. PIC Crystals with size ≈130μmx130μmx130μm. D. Diffraction pattern of PIC crystals. 
Resolution is approximately 10Å. 
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2.4  TFE did not help the crystallization on bubble scaffold  
Diffraction pattern showed low resolution as well as smearing spots, indicating 
the complex is still flexible in some regions which can’t be improved by 
inducing DNA-RNA hybrids or TBP/TFB modifications. Since TFE can stabilize 
PIC by increasing TBP-TATA-box interaction and stabilizing the open promoter 
through binding to the non-template strand (Bell, et al., 2001; Grunberg, et al., 
2007), it was used for assembly and crystallization in this work. Although 
full-length TFE alone can’t be crystallized successfully (Meinhart, et al., 2003), 
interactions with RNAP and nucleic acids may induce the ordering of its 
C-terminal structure. Additionally, C-terminal zinc finger is crucial for the 
function of TFE (Hanzelka, et al., 2001). Therefore, in the PIC crystallization 
both N- and C-terminal domains were kept. “Bubble” scaffolds without RNA 
were used to keep the interactions between TFE and non-template strand. 
Since the stable interaction between RNAP with template DNA is strictly 
dependent on the B-finger of TFB when RNA is absent (Werner and Weinzierl, 
2005). Therefore TFBwt and TBPwt were chosen to maintain potential 
contacts. The complex was screened using commercial conditions including 
Nextal Classic (Qiagen), Hampton PEG/Ion screens (Hampton Research) and 
polymerase screens. However, this more natural PIC didn’t yield any crystals. 
 
2.5  Trials using a histone promoter 
From previous and current work on this project, promoter character was found 
to be crucial for the crystallization. Using GDH promoter, although “tail” scaffold 
was found to improve the crystallization, poor diffraction property suggested 
that slight modification of the scaffold might not be able to affect the crystal 
property fundamentally. Thus another histone promoter was used for PIC 
assembly (figure 31). “Fork” and “tail” types of scaffolds were designed. 
However, using this promoter crystals didn’t form in previous crystallization 
conditions. 
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Figure 31. Sequences of archaeal histone promoter and scaffolds used for assembly. 
TATA-box is underlined and BRE is indicated by bold italic type. Transcription start site 
is indicated by +1. RNA complementary to DNA from -7 to +1 is colored in red. 
 
 
2.6  Different crystallization techniques and post-crystallization trials  
Besides modification on PIC components, different crystallization techniques 
and post-crystallization treatment were also tried to improve the diffraction 
quality of crystals.   
Hampton additive screens were used when crystallizing. Additive Malonate, 
and KNaTartrate yielded small, cubic crystals. However, optimizing trials by 
varying the additive concentration led to very long needles, thus they may just 
strengthen intermolecular interactions in one direction.  
Since PIC has large mass and unit cell dimensions, the size of PIC crystals 
which was no more than ≈130μmx130μmx130μm, may lead to weak scattering 
intensity. Microseeding and macroseeding trials were performed to make 
larger crystals. However, crystals formed by seeding were still the same size. 
Soaking crystals in cryoprotectant or heavy-atom-containing solution in several 
cases may improve diffraction quality by rearrangement of surface residues to 
form better packing lattice. Soaking trials were made for PIC crystals. Different 
cryoprotectants were tried: MPD, PEG-400, Glycerol, Ethylene Glycol, 
3.5M~5M Melonate, 25%~30% sucrose. Different heavy-atom containing 
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compounds were also used: (NH4)14[NaP5W30O10], W6Br12, Ta6Br122+. For PIC 
crystals achieved in this work, ethylene glycol yielded best protection effect 
while others led to phase separation or crystal cracking. These soaking 
techniques however didn’t improve the diffraction quality. 
Cross-linking agent glutaraldehyde (GA) can react with ε-amino groups of 
lysine residues through aldehyde groups and covalently crosslink them both 
inter- and intra-molecularly. Adjacent macromoleculars in the lattice are 
crosslinked and then crystals can be stabilized. Therefore crosslinking using 
glutaraladehyde has been revived as a useful procedure. PIC crystals were 
crosslinked using three different concentrations including 0.001%, 0.01%, 
0.1% GA and crosslinked for 2 or 3 hrs (Jacobson, et al., 1996). Higher 
concentration or longer time would lead to yellow-colored crystals. Crosslinked 
crystals yielded worse diffraction which might be because of excessive 
crosslinking although the concentration of GA was already very low. 
Crystal annealing techniques were also used to reduce potential mosaic 
spread caused by flash-cooling. Macromolecular crystal annealing (MCA), 
flash-annealing (FA) method and annealing on the loop (AL) were also tried 
(Heras and Martin, 2005), but none of these techniques led to better 
diffraction. 
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3.  Discussion and outlook 
Photocrosslinking and X-ray structure of subset of eukaryotic and archaeal 
PIC reflects the general conserved geometry of interaction with transcribed 
DNA (Bartlett, et al., 2004; Chen and Hahn, 2004; Kostrewa, et al., 2009; 
Littlefield, et al., 1999; Nikolov, et al., 1995) and suggests the position of 
initiation factors and DNA in PIC (figure 32). In eukyarotic PIC, TFIIB zinc 
ribbon was shown binding to a concave formed by Rpb1 dock , clamp domain 
and Rpb2 wall (Kostrewa, et al., 2009) which however might be a modified 
case for archaeal TFB (Goede, et al., 2006). Subcomplex of RNAP subunits 
B-D-L-N-P binds TFB efficiently indicating that interaction with dock domain is 
not essential for archaeal TFB. In fact, archaeal TFB N-terminal domain 
recruits RNAP itself without the facility of other factors such as TFIIF in 
eukarya (Bell and Jackson, 2000) suggesting a different arrangement of TFB. 
TFIIB then extends from the RNA-exit channel to DNA-RNA hybrid binding site 
and active center by B-finger motif, then to the rudder and clamp coiled-coil by 
B-linker motif. Density in these regions was also weak because of their flexible 
nature for their functions. These motifs in archaeal TFB might position similarly 
since they shows homologous functions (Kostrewa, et al., 2009). TFIIB 
C-terminal contains two cyclin domains which contacts the polymerase “wall” 
and is suggested to have only three salt bridges between Helix2 from Cyclin 
domain1 and the Rpb2 wall, leading to weak density of N-terminal cyclin 
domain. Additionally, non density of C-terminal cyclin domain could be 
observed, indicating weak or no interactions between this domain and 
polymerase and it may be highly flexible (Kostrewa, et al., 2009). Supposed 
interacting residues in TFB and RNAP are conserved in archaea(Hirata, et al., 
2008), indicating similar interactions in archaea. Archaeal TBP binds to DNA 
and TFB and can’t form a complex with RNAP alone (Bell and Jackson, 2000). 
Therefore, in archaeal PIC, specific positions of TBP, 
TFB-C-terminal-cyclin-domain and upstream DNA may be influenced by 
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tenuous interaction network between DNA duplex and polymerase subunits 
Rpb1/Rpb2/Rpb5, DNA duplex and TFB-N-cyclin-domain and linker, 
TFB-N-cyclin-domain and polymerase.  
 
Figure 32. Models of opened initiation complex showing the position of initiation factors 
and DNA strands. DNA template and non-template strands are in blue and cyan, 
respectively. The TATA element is in black. Views are from the side. Adapted from 
(Kostrewa, et al., 2009). 
 
Since the formation of transcription initiation complex is a transient, unstable 
stage, this would hamper the crystallization. DNA is predicted to have crucial 
contribution both to the stability of PIC complex and the specific positions of 
initiation factors. Consistently, previous work tested large amount of DNA 
scaffold with various length and bubble style, and demonstrated the important 
contribution of DNA residues to the crystallization. In the work of this thesis, 
nucleic acid substrates were also shown to severely affect the formation and 
quality of crystals. Many crystallization conditions were applied for three kinds 
of DNA-RNA hybrid scaffolds shown in figure 27. Replacing “bubble” or “Fork” 
type scaffolds with “tail” effectively allowed the formation of reproducible and 
nice single crystals which could be because of the deletion of flexible 
non-template strand in the vicinity of B subunit of polymerase that might 
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impede the crystal packing (Bartlett, et al., 2004). Truncation of only two base 
pairs in BRE completely prevented the formation of crystals. This should be 
because, the second G in the BRE can form a hydrogen bond with the TFB 
helix-turn-helix motif and is essential for TFB binding (Littlefield, et al., 1999). 
Deletion of this nucleotide led to the disassociation of TFB from the promoter 
and subsequent disassembly of PIC complex. Several strategies were 
occupied jointly to improve the crystallization of P.fu PIC complex including the 
induction of RNA which forms a hybrid with DNA to stabilize conformation of 
polymerase, and modification on TBP acidic tail which could affect the crystal 
ordering potentially. New crystals were achieved with a different form indicating 
a hexagonal unit cell (figure 28, 30) and provided a promising start point for 
obtaining better quality crystals. Diffraction property of these crystals were still 
not good. Since the induction of RNA is able to stabilize DNA template and the 
conformation of polymerase, I speculate that this is because of an unfixed 
location of TBP and/or TFB-C-terminal cyclin domain and they may not be 
involved in the intermolecular interaction in the crystals. In some trials TFE 
was crystallized together with PIC with “bubble” scaffold, because of its 
function of binding to non-template strand and stabilizing the complex. No 
crystals were achieved in the two commercial conditions and the conditions 
from which “tail” shape crystals grown, although it might be because of the 
negative effect of non-template strand in the “Bubble” scaffold. Thus TFE didn’t 
facilitate the crystallization in these conditions. However, TFE interacts with 
both RNAP and TBP, enhancing the TBP-DNA binding(Bell, et al., 2001), so it 
might be helpful to fix the localization of TBP. Therefore, it’s still worthful to 
screen for new crystal forms using PIC containing TFE in future. Using histone 
promoter as the substrate, although the scaffold was designed as a “tail” shape 
that is the same as that of GDH promoter, it led to a dramatic difference and no 
crystals formed using conditions for the GDH promoter. Since histone 
promoter is also a strong promoter which binds TBP and TFB efficiently, their 
difference at region from -15 to -12 might impede the crystallization. DNA 
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opening site in PIC is from -9 to +5 (Spitalny and Thomm, 2003), thus heat 
treatment might cause over-melting of this region when activation of the PIC 
complex, since it’s AT rich in histone promoter, leading to weaken duplex 
interactions. Post-crystallization annealing operation didn’t help the diffraction 
property, indicating that the poor resolution was not the result of cooling 
process. 
In this work, the length of RNA for stabilizing PIC designed as 8 nt and B-finger 
deletion strategy were based on the initial structure of pol II-TFIIB which 
determined B-finger as a loop shown to clash with RNA beyond 5 nt (Bushnell, 
et al., 2004) and biochemical analysis on stability of elongation complex with 
different RNA lengths (Kireeva, et al., 2000). Recent structures indicate that 
when the +1 nucleotide positions at the pre-translocation site, -7 nt just 
adjacent to the B-finger, at the border of clashing with it (Kostrewa, et al., 
2009). Therefore, in future work, 7nt or shorter RNA for example 5 nt could be 
designed which can bind and stabilize the B-finger. In this case, TFB wt should 
be used. Co-crystallization of PIC-TFE with/without RNA would also be 
promising to yield crystals with better quality. But abundant screening for 
crystallization conditions will be necessary for new crystal form. PIC-TFE 
complex will also be a good choice for EM study. Although recently an EM 
structure of P.fu PIC was published, their resolution is extremely low (25Å) and 
some extra density suggest the rough positions of TFB/TBP which is however 
too weak to fit the X-ray structures and demonstrate the correct positions, 
consistent with their flexibility (De Carlo, et al., 2010). Therefore, TFE might 
facilitate the EM analysis. In addition, it would be interesting to crystallize TFB 
N-terminal domain together with RNAP to investigate how TFIIB recruits 
polymerase independently. 
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4. Experiment procedures 
 
4.1 Oligonucleotides and cloning  
All oligonucelotides listed in figure 27 were purchased from Biomers.net (Ulm, 
Germany) with HPLC purified. Primers for cloning recombinant TFB and TBP 
mutants were purchased from Thermo Electron Corporation. 
 
Primers for cloning TFB-Δfinger (delete residue 43-62):  
Fwd: 5’ -GAACATAATTGATATGGGTCCTAGTATTCTTCTTCATGACAAG-3’ 
Rev: 5’ -CTTGTCATGAAGAAGAATACTAGGACCCATATCAATTATGTTC-3’ 
 
Primers for cloning TBP-Δtail (delete residue 182-191):  
Rev: 5’ -CGACGGAGCTCGAATTCTCAATACTTATCCAATTCTCTCAAC-3’ 
 
TFB-Δfinger was constructed by two-PCR techniques from plasmids carrying 
wild type TFB gene used in previous work. In round 1, T7 primer (forward or 
reverse) and TFB variant primer (Rev or Fwd) flanking the internal deletion 
sequence were used in two separate reactions. PCR reaction generated two 
PCR products carrying the sequence flanking the deletion region. Purified 
products were added jointly in round 2. T7 primers (forward and reverse) 
were used. PCR product was then digested by restriction endonucleases 
NdeI and BamHI and inserted into the pET 28b(+) expression vector 
(Novagen) to generate a fusion protein with an N-terminal hexahistidine tag. 
Plasmid was verified by sequencing. 
To construct TBP-Δtail, T7 forward and TBP Rev primers were used for PCR. 
Plasmid carrying wild type TBP gene was used as the template. PCR product 
was then digested by restriction endonucleases NdeI and XhoI and inserted 
into the pET 28b(+) expression vector (Novagen). Plasmid was verified by 
sequencing. 
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4.2 Expression and purification of transcription initiation factors  
 
4.2.1  Expression and purification of TFB wt and Δfinger 
 
4.2.1.1  Buffers 
 
Lysis buffer: 
50 mM Tris-HCl pH 8.0  
300 mM NaCl  
10% glycerol  
1x Protease Inhibitor  
 
Ni-NTA binding buffer: 
50 mM Tris-HCl pH 8.0 
300 mM NaCl 
40 mM imidazole 
10% glycerol 
 
Ni-NTA washing buffer: 
50 mM Tris-HCl pH 8.0 
2M NaCl 
40 mM imidazole 
10% glycerol 
 
Ni-NTA elution buffer: 
50 mM Tris-HCl pH 8.0 
300 mM NaCl  
300 mM imidazole 
10% glycerol 
 
Dilution buffer: 
50 mM Tris-HCl pH 8.0 
300 mM NaCl 
 
Gel filtration buffer: 
20mM Hepes-Na pH 7.0 
400mM KCl 
10% Glycerol 
 
4.2.1.2  Expression and purification procedures 
Inoculate 25ml LB in the presence of antibiotics (Kanamycin and 
Chloramphenicol) with one fresh clone and shake at 37˚C overnight. Then 
dilute preculture in 2l LB with Kanamycin and Chloramphenicol and shake at 
37˚C until OD600=0.6~0.7. Induce the cells with 0.5 mM isopropyl-β-D- 
thiogalactopyranoside for 3 hrs at 30˚C. Cells were collected by centrifugation 
at 5000rpm for 15min at 4˚C (SLS6000 rotor). Pellet was resuspended in lysis 
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buffer and sonicated for 10min at 40W with intervals. After centrifugation at 16, 
000rpm for 15min at 4˚C, the supernatant was incubated at 65˚C for 15min. 
Then ultracentrifuge at 30,000rpm for 40min at 4˚C (rotor Ti45, Beckman). 
Supernatant was then loaded to 1ml Histrap column (GE Healthcare) which 
was pre-equilibrated with binding buffer. The column was washed with 10 
column volumes of washing buffer. Protein was eluted from the column with 
elution buffer. After SDS-PAGE analysis, samples were collected and 
exchanged to dilution buffer by centrifugation using Amicon® Ultra (MWCO 
10kDa, Millipore). After concentrating protein to 2mg/ml, thrombin was added 
to cleave his6-tag with 2 unit/per mg protein. Protein was digested for 2 hrs or 
overnight at 4˚C, and then put to 65˚C for 15min to denature the thrombin. 
After centrifugation at 14,000rpm for 20min, supernatant was collected and 
re-loaded to Histrap pre-equilibrated with dilution buffer. Protein without his-tag 
was collected in the flowthrough. Concentrated sample was further purified on 
a gel filtration column (Superose 12, GE Healthcare) equilibrated with gel 
filtration buffer. Factions were analyzed by SDS-PAGE, concentrated to 
3mg/ml and stored at -80°C. 
 
4.2.2  Expression and purification of TBP wt and Δtail 
TBPwt and Δtail variant were expressed and purified essentially the same as 
described for TFB. Observable precipitate always formed after thrombin 
cleavage, however after heat treatment at 65˚C for 15min, proteins refolded 
correctly and yielded a clear protein solution. Proteins were analyzed by 
SDS-PAGE, concentrated to 2mg/ml and stored at -80°C. 
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4.2.3  Expression and purification of TFE 
4.2.3.1  Buffers 
 
Lysis buffer: 
50 mM Hepes-Na pH 7.8  
300 mM NaCl  
10 μM ZnCl2 
10 mM imidazole 
10% glycerol  
1x Protease Inhibitor  
 
Ni-NTA binding buffer: 
50 mM Hepes-Na pH 7.8  
300 mM NaCl  
10 μM ZnCl2 
10 mM imidazole 
10% glycerol 
Ni-NTA washing buffer: 
50 mM Hepes-Na pH 7.8  
2 M NaCl  
10 μM ZnCl2 
40 mM imidazole 
10% glycerol 
 
Ni-NTA elution buffer: 
50 mM Hepes-Na pH 7.8  
300 mM NaCl  
10 μM ZnCl2 
300 mM imidazole 
10% glycerol 
 
Gel filtration buffer: 
20 mM Hepes-Na pH 7.0 
300 mM KCl 
10% Glycerol 
5 mM DTT 
 
 
4.2.3.2  Expression and purification procedures 
TFEwt was expressed as described for TFB. Cells were collected by 
centrifugation at 5000rpm for 15min at 4˚C (SLS6000 rotor). Pellet was 
resuspended in lysis buffer and sonicated for 10min at 40W with intervals. 
After centrifugation at 16,000rpm for 15min at 4˚C, the supernatant was 
incubated at 80˚C for 20min. Then ultracentrifuge at 30,000rpm for 1hr at 4˚C 
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(rotor Ti45, Beckman). Supernatant was then loaded to 1ml Histrap column 
(GE Healthcare) which was pre-equilibrated with binding buffer. The column 
was washed with 10 column volumes of washing buffer. Protein was eluted 
from the column with elution buffer. After SDS-PAGE analysis, samples were 
collected, concentrated, and further purified on a gel filtration column 
(Superdex 75, GE Healthcare) equilibrated with gel filtration buffer. Factions 
were analyzed by SDS-PAGE, concentrated to 1mg/ml and stored at -80°C.  
 
4.3 Purification of P.fu RNA polymerase  
 
4.3.1  Buffers 
Lysis buffer 
50 mM Tris-HCl pH8.0 
100mM KCl 
10mM MgCl2 
20% Glycerin 
10mM β-mercaptoethanol 
1x Protease Inhibitor 
 
Biorex +0/+1000/+100 Buffer 
50 mM Tris-HCl pH8.0 
0/1000/100mM KCl 
2.5mM MgCl2 
1mM EDTA 
10% Glycerin 
10mM β-mercaptoethanol 
 
Dialysis Buffer 
50 mM Tris-HCl pH8.0 
100mM KCl 
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2.5mM MgCl2 
10% Glycerin 
10mM β-mercaptoethanol 
 
Heparin +100/+1000 Buffer 
50 mM Tris-HCl pH7.5 
100/1000mM KCl 
2.5mM MgCl2 
10% Glycerin 
10mM β-mercaptoethanol 
 
MonoQ +0/+/100/+1000 Buffer 
50 mM Tris-HCl pH8.0 
0/100/1000mM KCl 
2.5mM MgCl2 
10% Glycerin 
10mM β-mercaptoethanol 
 
Superose 6 Buffer 
10mM Hepes pH7.0 
150mM KCl 
2.5mM MgCl2 
5mM DTT 
10% Glycerin 
 
4.3.2  Purification – day 1 (Preparing the cells) 
P.fu cells were grown in a synthetic sea-water-medium under anaerobic 
conditions at 95˚C and harvested during exponential growth phase. Cells were 
kindly provided by Prof. Michael Thomm’s lab. Up to 60g frozen cells were 
thawed and resuspended in 200ml Lysis buffer overnight with stirring at 4˚C. 
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P.fu cells are very sticky and are black.  
 
4.3.3  Purification – day 2 (lysis and biorex column) 
Cells were disrupted by EmulsiFlex-C5 (2 cycles at 1000-1500bar). Lysate was 
centrifuged for 30min at 10,000rpm (4˚C). Supernatant was then 
ultracentrifuged at 40,000rpm for 90min at 4˚C (rotor Ti45, Beckman). Then 
supernatant was collected which still had a black color and loaded to Biorex 
column (400ml Biorex 70 resin packed in a XK50 column) which was 
pre-equilibrated with Biorex+100 Buffer. Sample loading and washing used 
peristaltic pump (2-3 ml/min). Then wash biorex column with 2 column 
volumes of Biorex+100 Buffer in the presence of 1x Protease inhibitor (3ml/min, 
2nd column volume washing on ÄKTA system). Proteins were eluted with a 
gradient from 100 to 1000mM KCl in 3 column volumes at 1-1.5ml/min on 
ÄKTA (GE Healthcare). 
 
4.3.4  Purification – day 3 (Dialysis and heparin column) 
Around 160ml black fractions were collected and dialysis against 5l 
Heparin+100 Buffer for at least 4 hrs at 4˚C. Then protein solution was 
centrifuged at 12,000rpm for 30min at 4˚C and loaded to heparin column(25ml 
HiPrepTM 16/10 Heparin FF) pre-equilibrated with Heparin+100 Buffer. Sample 
loading still used peristaltic pump(1.2 ml/min). After washing with 2 column 
volumes Heparin+100 Buffer, proteins were eluted with a gradient from 100 to 
1000mM KCl in 10 column volumes at 1ml/min on ÄKTA(GE Healthcare). 
Around 60ml fractions were collected and dialysis again 2l MonoQ+100 Buffer 
overnight at 4˚C. 
 
4.3.5  Purification – day 4 (MonoQ column and gel filtration) 
Samples were centrifuged at 12,000rpm for 30min at 4˚C and loaded to 
MonoQ column pre-equilibrated with MonoQ+100 Buffer, at 0.5ml/min on 
ÄKTA(GE Healthcare). Column was washed with MonoQ+100 for 2 column 
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volumes. Proteins were eluted with a gradient from 150mM to 400mM KCl in 
20 column volumes. Fractions were analysed with SDS-PAGE and the protein 
containing fractions were concentrated and loaded on a Superose 6 gel 
filtration column. The protein was concentrated to 3mg/ml and frozen to -80˚C. 
 
4.4 Assembly of PIC  
 
4.4.1  Assembly of RNAP, TFBΔfinger, TBPwt/Δtail and DNA-RNA  
DNA non-template, template, and RNA were annealed as a molar ratio 
1:1:1.5 by heating to 95°C for 2 minutes and slowly cooling to room 
temperature. First TBPwt/Δtail, then TFBΔfinger were added to DNA-RNA 
and incubated for 1hr at 15°C. Then P.fu RNAP was added followed by 
another incubation for 1hr at 15°C. PIC complex was activated by incubation 
at 60°C for 15min. RNAP, TFBΔfinger, TBPwt/Δtail, DNA-RNA scaffold were 
assembled as a molar ratio 1:4:4:2. Gel filtration pre-equilibrated with 
Superose 6 Buffer was finally used to remove excess nucleic acids and 
factors. 
4.4.2  Assembly of RNAP, TFBwt, TBPwt, TFEwt and DNA  
DNA non-template, template from “Bubble” scaffolds were annealed as a 
molar ratio 1:1 by heating to 95°C for 2 minutes and slowly cooling to room 
temperature. First TBPwt, then TFBwt were added to DNA scaffold and 
incubated for 1hr at 15°C. Then P.fu RNAP was added followed by TFEwt 
and another incubation for 1hr at 15°C. PIC complex was activated by 
incubation at 60°C for 15min. RNAP, TFBwt, TBPwt, TFEwt, DNA scaffold 
were assembled as a molar ratio 1:4:4:4:2. Gel filtration pre-equilibrated with 
Superose 6 Buffer was finally used to remove excess nucleic acids and 
factors. 
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4.5 Crystallization 
 
4.5.1  PIC crystallization and optimization 
PIC formed by RNAP-TFBΔfinger-TBPwt/Δtail-DNA-RNA-“tail”-scaffold were 
concentrated to 4~5mg/ml. Initial crystallization setups using commercial 
screens were performed with the Hydra II semi-automatic protein 
crystallization robot (Matrix Technologies Apogent Discoveries) by sitting 
drop vapor diffusion method using 96-well crystallization plates (Corning). 
Equal amount of protein and crystallization solution drops (0.5μl) with 50μl 
reservoir solution were set. Initial crystallization setups using polymerase 
screens and subsequent optimization were performed manually using 
24-well plates EasyXtal Tools (Qiagen) and the hanging drop method was 
applied. PIC crystals were grown at 20˚C by using 2μl protein + 1μl drops 
from a reservoir solution: 12.5% PEG6000, 340mM NH4NaTart, 100mM 
KSCN, 100mM HEPES pH7.5, 5mM DTT. Crystals were transferred stepwise 
to crystallization solution containing 15% PEG6000 and additionally 20% 
Ethylene Glycol and plunged into liquid nitrogen. 
 
4.5.2  Crystallization techniques and post-crystallization methods 
For macroseeding, small crystals (size around 40μm) were transferred to 
reservoir by capillary and washed. Then they were transferred to a new protein 
solution using a Cryoloop for crystal growth. For microseeding, several crystals 
were crushed using vortex to produce a seed stock. A dilution series was made 
to test for optimal seed concentration. 
Cryo-protectants were tested by either direct transfer or stepwise transfer to 
the final solution. MPD (15%~25%), PEG400 (20%~30%), Glycerol 
(15%~25%), Ethylene Glycol (20%~30%), Melonate (3.5M~5M) and sucrose 
(25%~30%) were tested in combination with varying the concentration of 
precipitant PEG6000 (from concentration in reservoir up to 20%).  
Three crystal annealing techniques were occupied as described (Heras and 
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Martin, 2005). For macromolecular crystal annealing (MCA), cryocooled crystal 
was removed from the cryostream and placed in cryosolution for 2~3min. The 
crystal was recooled in the cryostream. For the flash-annealing (FA) method, 
the cold-stream was blocked for 1.5~2s three times with intervals of 6s 
between each thawing step. For the annealing on the loop (AL) method, the 
cryo-stream was blocked until the drop became clear. 
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Abbreviations 
 
 
ABC subunits common for Pol I, II and III 
BRE TF(II)B recognition element 
C subunit of Pol III 
CRSP cleavage/polyadenylation specificity factor 
CTD C-terminal domain of Rpb1 of Pol II 
DNA deoxyribonucleic acid 
DPE downstream promoter element 
DTT dithiothreitol 
E.coli Escherichia coli 
EDTA ethylene diamine tetraacetic acid 
EM electron microscopy 
EMSA electrophoretic mobility shift assay 
EtOH ethanol 
GDH glutamate dehydrogenase 
GTF general transcription factor 
HAT histone acetyltransferase 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HTH helix turn helix 
H.sapiens Homo sapiens 
Ihr/IE initiator element 
MALDI-TOF matrix-assisted laser desorption ionization-time of flight 
MPD 2-methyl-2,4-pentanediol 
NaAC sodium acetate 
NMR nuclear magnetic resonance 
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NTP nucleotide triphosphate 
ORF open reading frame 
PCR polymerase chain reaction 
PDB protein data bank 
PEG polyethylene glycol 
P.furiosus/P.fu Pyrococcus furiosus 
PIC preinitiation complex 
Pol RNA polymerase 
PPE promoter proximal element 
P.woesei Pyrococcus woesei 
R.m.s.deviation root mean square deviation 
RNA ribonucleic acid 
RNAP RNA polymerase 
Rpb subunit of Pol II 
RSC remodel the structure of chromatin 
S.cerevisiae Saccharomyces cerevisiae 
SN-2 substitution nucleophilic bimolecular 
S.pombe Schizosaccharomyces pombe 
S.solfataricus Sulfolobus solfatarius 
T.aquaticus/Taq Thermus aquaticus 
TBP TATA binding protein 
TCA trichloroacetic acid 
TCEP tris(2-carboxyethyl)phosphine 
TFII transcription factor of Pol II transcription 
Tris trishydroxymethylaminomethane 
tRNA transfer RNA 
USA upstream stimulatory activity 
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